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ABSTRACT
This study in v e s t ig a te s  the  fo rc ing  of leaky mode long waves by 
incident wave groups in  the  nearshore. Using both f i e ld  and model data , 
two previously proposed generation models are  evaluated: the bounded
long wave of Longuet-Higgins and Stewart (1964), and the breakpoint- 
forced long wave of Symonds e t a l .  (1982).
New methods of parameterizing incident wave height modulations are 
proposed, including an amplitude time s e r ie s  and a c lea r ly  defined 
groupiness f a c to r .  C ross-co rre la tions  between observed amplitude and 
low frequency time s e r ie s  c le a r ly  document the  re le ase  and shoreline  
r e f le c t io n  of a group-forced long wave. The shallow water am plif ica tion  
of the  component id e n t i f ie d  as the bounded long wave i s  l e s s  than 
pred ic ted  by theory, but much la rg e r  than the  shoaling of a free  long 
wave. No evidence i s  found fo r  long wave decay in  conjunction with 
inc iden t wave breaking, contrary  to  a number of previous suggestions.
A tim e-varian t numerical model is  developed to  fu r th e r  explain  the 
observed c ro s s -c o r re la t io n  s ig n a l ,  and to  evaluate the r e l a t iv e  
importance of the two modes of long wave generation . The model 
simulates the forcing of leaky mode long waves by incident wave groups 
as they progress through the shoaling and breaking reg ions. New methods 
of modeling both short  and long waves in  the nearshore are proposed.
F ie ld  observations are  used to  v e r ify  the  model: the n a tu ra l
c ro s s -c o r re la t io n  s ig n a l  i s  exceedingly well p red ic ted  using model 
generated data . Simulated time s e r ie s  reveal th a t  the  m odification of 
the  c ro s s -c o r re la t io n  s ig n a l  toward shore i s  re la te d  to  a fundamental 
change in  bound wave dynamics, and not the ad d ition  of the breakpoint- 
forced wave as previously  speculated .
The r e l a t i v e  importance of breakpoint-forced and bounded long waves 
i s  determined through a s e r ie s  of t e s t s  with plane beaches and 
monochromatic wave groups. Consistent with f i e ld  observations, the 
breakpoin t-forced  wave i s  secondary to  the bounded long wave under 
almost a l l  conditions , except a t very low frequencies and with high 
beach s lopes . In ad d i t io n ,  since the  breakpoint-forced long wave is  
added to  the bounded long wave near 90°, i t  has l i t t l e  a f fe c t  on the 
amplitude of the  t o t a l  so lu tio n .
O verall,  model p red ic tions  in d ica te  th a t  the d i r e c t ly  group-forced 
component accounts fo r  approximately h a l f  the  t o t a l  long wave height 
found under f i e l d  cond itions . This i s  consis ten t with previous 
observations th a t  both leaky and edge wave modes are  energetic  on 
na tu ra l  beaches.
x v i
LONG WAVE GENERATION BY WAVE GROUPS IN THE NEARSHORE
Chapter 1 
INTRODUCTION
The su rf  zone d is s ip a te s  inc ident wave energy. On gently  sloping 
beaches under the  a ttack  of la rg e  waves th i s  i s  e sp ec ia lly  the  case: 
waves break f a r  offshore  in  a water depth on the  order of the  wave 
height and then decay through the su rf  zone a function  of decreasing 
water depth. At the  shore line  the  incident wave height may be an 
in s ig n i f ic a n t  f r a c t io n  of what i t  was o ffshore . I t  i s  in te re s t in g  to  
note then th a t  the  sediment mobility (erosion or a re-shaping of the 
nearshore morphology) i s  g re a te s t  c lose  to  shore in  the  region where the 
high frequency wind waves (those most obvious to  the  naked eye) are 
l e a s t  e n e rg e tic .  An explanation may l i e  with a c la s s  of longer period 
wave motions which a c tu a l ly  increase  in  amplitude toward the  shore, but 
have such low steepness (H/L) th a t  they never break. These o s c i l la t io n s  
have periods roughly in  the  range of 30 to  300 seconds, and a re  often  
c a l led  in f ra g ra v i ty  waves (being beyond the period range of the g rav ity  
or wind wave band). Numerous s tu d ie s  have now documented th a t  in  the 
inner su r f  zone the  cu rren ts  a ssoc ia ted  with these  long waves can be f a r  
s tronger  th a t  those associated  with the  res idua l wind waves (Wright et 
a l . ,  1982, among o th e rs ) .  Thus the re  i s  every reason to  believe  th a t  
long waves play a major ro le  in  nearshore sediment t ra n sp o r t .
In f rag rav i ty  motions may assume a number of d i f f e r e n t  forms; among 
these  a re  the  edge and leaky modes. Edge waves a re  trapped modes which
2
3can resonantly  grow through a continuous process of r e f le c t io n  and 
r e f ra c t io n  along the depth contours of the nearshore. Following Eckart 
(1951), these  modes can be described by a d ispersion  re la t io n  involving 
the longshore wavelength,
<*>2 -  gky (2m+1)tan0, (1.1)
where m i s  the radian frequency, ky i s  the longshore wave number, tan$ 
i s  the  beach slope, and m is  the mode number giving the  number of 
ve loc ity  p o te n t ia l  zero crossings in  the  offshore  d ire c t io n .  However, 
when
ky < w02/ g »  ( 1 . 2 )
2where oj0 /g  rep resen ts  the deep water wave number, trapped modes become 
leaky modes in  which wave energy escapes to  deep water. In the  s t r i c t  
case of exclusively  shore-normal o s c i l l a t io n ,  ky=0 and long wave motions 
take the form of standing waves described by Lamb (1932) as
nfc = a J 0(x)sin(ujt) , (1.3)
where a i s  the sho re line  amplitude, J 0 i s  the zero-order Bessel function 
of the  f i r s t  kind, and
X = ( l*to2x/gtanB)1/2 , (1. H)
in  which w i s  the radian  frequency, x i s  the distance offshore , and tang 
i s  the  beach slope. Equation (1 .3 ) describes the  sea-surface  
o s c i l la t io n s  re s u l t in g  from the superposition  of an incident and 
r e f le c te d  long wave and i s  the  type of wave motion tha t w ill  be 
considered throughout th i s  study. For more complete descrip tions  of 
edge wave motions and the d iffe rence  between edge and leaky modes see 
Holman (1983) or Bowen and Huntley (1984).
The importance of in frag rav i ty  motion in  nearshore processes has 
become increas ing ly  accepted in  recent years, though la rg e ly  because of 
the in a b i l i ty  of t r a d i t io n a l  incident wave models to  explain f i e ld  
observations . For example, Sallenger e t a l .  (1985) c le a r ly  show th a t  a 
break-point or wave steepness model cannot explain a longshore bar which 
formed well w ith in  the  su rf  zone and moved offshore during a period of 
le s s  s teep , though la rg e r ,  waves. I t  was suggested th a t  standing wave 
motion with a period of 55-75 seconds might b e t te r  explain the bar 
formation, although no po s it iv e  l in k  could be e s tab lish ed . Short (1975) 
documents th a t  the  spacings between m ultip le  offshore bars very nicely 
f i t s  the p redicted  spacings between nodes or antinodes of a cross-shore 
standing wave within a narrow frequency band. Recently, Kim and Wright 
(1988) demonstrated th a t  combined d r i f t  cu rren ts  under standing long 
waves and breaking incident waves could provide an a l te rn a te  explanation 
of bar m igration. Three dimensional fe a tu re s ,  such as c re scen t ic  bars 
and beach cusps, a re  a lso  hard to  explain  simply with the action  of only 
incident waves and steady nearshore cu rren ts .  Here edge waves provide a 
very convenient longshore leng th  sca le  in  explaining the  observed 
wavelength of these  fe a tu re s .
Long waves in  the  nearshore are a lso  important in  co as ta l  erosion 
problems. During storm conditions shore line  erosion i s  often  a t t r ib u te d  
to  the  ac tion  of inc ident waves which a re  ca r r ied  fu r th e r  landward by a 
storm surge or wave se t-u p . (See U.S. Army Corps of Engineers Shore 
P ro tec tion  Manual, p. 3:105.) However, added to  th i s  r i s e  in  the  mean 
sea lev e l  are the  period ic  f lu c tu a t io n s  due to  in frag rav i ty  waves, which 
have been measured to  be on the order of 1 m in  height (Wright e t  a l . ,  
1982), and thus could s ig n i f ic a n t ly  add to  the overtopping and erosion 
of breakwaters and p ro tec t iv e  dunes.
Of a more fundamental in te r e s t  are the mechanisms by which long 
waves are  generated. Measurement of waves a t  sea shows th a t  by f a r  the 
g re a te s t  energy l i e s  in  the wind wave band, with n e g l ig ib le  long wave 
a c t iv i ty .  At the  sh o re l in e ,  however, the  s i tu a t io n  may be reversed , 
implying some s o r t  of energy t r a n s fe r  from short to  long waves. A 
growing body of evidence from f i e l d ,  labo ra to ry , and model s tud ies  
im plicates  the inc iden t wave groupiness as the source c f  these  long 
period d is tu rbances . This ubiquitous.tendency fo r  inc ident waves to  
t ra v e l  in a l te rn a t in g  packets of high and low waves c rea te s  g radients  in 
the  wave-induced momentum f lu x ,  which have time and leng th  sca le s  much 
la rg e r  than the inc iden t waves. Two models have been proposed by which 
these  g rad ien ts  are  t r a n s la te d  in to  o s c i l l a t io n s  in  the  in f rag rav i ty  , 
band, and w ill  be the focus of t h i s  study.
Longuet-Higgins and Stewart (1962,1964) introduced the concept of 
ra d ia t io n  s t r e s s ,  demonstrating th a t  g radients  in  t h i s  quan tity  w il l  
produce a s ea - lev e l  depression under groups of la rg e  waves, r e s u l t in g  in 
a forced wave t ra v e l in g  a t  the  incident wave group speed. Referred to  
as the  bounded long wave, t h i s  in f rag rav i ty  band o s c i l l a t io n  is
6Figure 1.1 I l l u s t r a t i o n  of the bounded long wave. Incident wave groups 
(s o l id  l in e )  with the forced response superimposed (dashed 
l i n e ) .  From simulated data  with the  forced response a f t e r  
Longuet-Higgins and Stewart (1964) with h=10.0 m.
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pred ic ted  to  be 180° out of phase with the  wave group s t ru c tu re  and to  
grow rap id ly  as the wave progresses in to  shallow water. Figure 1.1 
gives an example of the bounded long wave predicted  by Longuet-Higgins
and Stewart with h*10.0 m.
Symonds e t  a l .  (1982) proposed an a l te rn a te  model fo r long wave 
generation by wave groupiness. Here, a modulated inc iden t wave height 
r e s u l t s  in  a time-varying breakpoint which fo rces  an o s c i l l a t in g  setup 
in  the form of a long wave (see Figure 1 .2 ) .  Though s im ila r  in  time and 
leng th  sca le s  to  the bounded long wave, t h i s  mechanism should r e s u l t  in 
a long wave in  phase with wave groups.
Both models may be extended to  edge wave fo rcing  by accounting fo r
obliquely  inc iden t wave groups. For example, Gallagher (1971) extended
the concepts of Longuet-Higgins and Stewart to  p red ic t  the resonant 
generation  of edge waves by angled wave groups. Thus, while the present 
study focuses on leaky mode long waves, the r e s u l t s  presented here 
c e r ta in ly  have a fundamental bearing on the e x c i ta t io n  of edge waves as 
w e l l .
In t h i s  study, f i e l d  and model data  are  used to  assess the r e la t iv e  
importance of the  two modes of forcing  leaky mode long waves. F i r s t ,  
the theory and previous observations supporting each model are  described 
in  Chapter 2. Chapter 3 d e ta i l s  the  methods developed here fo r 
examining the groupiness of incident waves in  f i e l d  d a ta ,  including 
examples of the  usefu lness of these  methods in  th e i r  own r ig h t  fo r 
determining wave height s t a t i s t i c s  and d i s t r ib u t io n s .  Chapter  ^
p resen ts  some observations of group-forced long waves in  the  nearshore 
from a data s e t  co llec ted  in  Duck, N.C.
Chapter 5 describes a new numerical model developed to  s im ulate the
8Figure 1.2 Schematic of the time-varying breakpoint model. At time 1 a 
low inc iden t wave he igh t,  H,, produces a low setup , n i .  At 
time 2 a higher inc iden t wave he igh t, H2, produces a la rg e r  
se tup , n2. The a l te rn a t io n  between la rge  and small waves 
within wave groups fo rces  a low period o s c i l l a t i o n  of the 
sea-su rface  e lev a tio n .
\WAVE HEIGHT
9j o i n t  fo rc ing  of bounded and breakpoint-forced long wave in  the 
nearshore. The model i s  then v e r i f ie d  in a comparison with the f i e ld  
observations presented in  Chapter 4.
Chapter 6 contains a s e r ie s  of model runs with monochromatic wave 
groups and varying beach slope, wave height, groupiness, group 
frequency, and wave height to  depth r a t i o .  A technique fo r separa ting  
the con tribu tions  from the two forcing  modes i s  presented, allowing for 
an examination of the in te ra c t io n s  between the two sources of leaky mode 
long waves.
Chapter 7 re tu rn s  to  the f i e ld  data to  search fo r fea tu res  
pred ic ted  by model work. F in a lly ,  Chapter 8 summarizes the  study, 
pointing out i t s  l im ita t io n s  and making suggestions fo r  fu r th e r  
research .
Chapter 2 
THEORY AND PREVIOUS OBSERVATIONS
2.1 Theory
2.1.1 Bounded Long Wave
The bounded long wave was defined in  Chapter 1 as a forced response 
due to  ra d ia t io n  s t r e s s  g rad ien ts  within inc iden t wave groups. Longuet- 
Higgins and Stewart (196M) define  ra d ia t io n  s t r e s s  as "the excess flux  
of momentum in  the presence of waves." Employing the assumptions of 
l in e a r  wave theory, the r a d ia t io n  s t r e s s  perpendicular to  wave c re s ts  
(x -d irec t io n )  i s  given by,
Sxx = E { — ---------  + 1/2 } , (2.1)
sinh(2kh)
where k i s  the wavenumber (2ir/L), h i s  the water depth and E i s  the 
energy density  given by
E = 1/8 pgH2 , (2.2)
where H i s  the wave he igh t. For a d e riv a tio n  and conceptual explanation 
of ra d ia t io n  s t r e s s ,  see Appendix A.
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Longuet-Higgins and Stewart showed th a t  g rad ien ts  in  Sxx r e s u l t  in 
forces which must be balanced by acce le ra t io n s  or pressure  gradients  
(sea su rface  s lopes) .  In a Navier-Stokes type equation th i s  was 
expressed as
1/h 3M/3t + pg 3n/3x - -1 /h  3Sxx/3x , (2.3)
where M i s  the momentum density , n i s  the surface e lev a tio n  and the 
overbar denotes time averaging over the  inc ident wave period.
Continuity i s  expressed as
p 3n/3t + 3M/3x -  0 . (2.4)
Since the g rad ien ts  of Sxx t ra v e l  a t  the group speed, time deriva tives  
may be replaced by the group speed, c times the  s p a t i a l  d e r iv a t iv e ,  
e .g .
3n/3t = 3n/3x 3x/3t  » c 3n/3x . (2.5)6
Therefore (2.3) and (2.4) become,
c 3M/3x + pgh 3p/3x = -3Sxx/3x (2.6)6
3M/3x + CgP 3q/3x = 0 (2.7)
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Using the re la t io n sh ip
M * E/c + phu , (2.8)
so lu tions  fo r  the sea-su rface  and current forced response were found as
n = - -  { Sxx/(gh-cg ) } + constant (2.9)
u » -  { C Sxx /  h(gh-c 2) } -  E/phc + constant . (2.10)B S
The sea -su rface  expression of the forced response i s  the re fo re  a long
wave n out of phase with wave groups; the large  Sxx associated  with
la rg e  waves c rea te  a depression of the  time-averaged water le v e l .
However, a se r ious  problem i s  obvious in  (2.9) and (2.10): when
waves enter shallow water the group speed c approaches c=/gh and the6
equations give u n re s tr ic ted  values fo r  the forced response. This
becomes a problem long before wave breaking reduces Sxx grad ien ts  in  the
su rf  zone, and emphasizes the points  made by Longuet-Higgins and Stewart
3
th a t  these  equations only apply to  incident waves when ak<<(kh) , and 
the  water depth i s  constan t. Obviously these conditions are v io la ted  in 
the nearshore.
A more recen t approach by Ottesen Hansen e t a l .  (1981) includes the 
e f f e c t  of frequency by modeling the  group s t ru c tu re  as the  in te rac t io n  
of a spectrum of incident wave d ifference  frequencies. For the 
s im p lif ied  case of two l in e a r  waves defined by Tl t  a lt  T2, and a 2,
Ottesen Hansen e t a l .  give the  bounded long wave amplitude as,
13
aBLW “ Ga,a* * (2.11)
where G is  the short wave to  long wave t r a n s fe r  function  given by
G =* (a-b+c)/d
a » (g/2)AuiAk(1/Cj + 1/ c 2)Akhcoth(Akh) 
b » (1/2)Ak2Aw2h
c = {ojiOjjAk^coshCAkh)} /  {cosh(okh) - cosh(Akh)} 
d - Akhcoth(Akh)Aa)2 -  ghAk2 , (2.12)
in  which k i s  the  wave number found from the d ispersion  r e la t io n  
2
a) =gktanh(kh), uj i s  the radian  frequency, Aoj-aia-U!, Ak=k2- k j ,  and 
ok=k!+k2.
Despite i t s  complexity, (2.11) gives a bounded long wave s ize  
nearly  id e n t ic a l  to  (2 .9 ) ,  except fo r  a weak dependence on the group 
frequency, Aw. Figure 2.1 compares the p red ic ted  amplitudes from (2.11) 
and (2 .9) fo r  a wave t r a i n  with Tg=80.55 seconds and a groupiness fac to r  
of 0.3 (on a sca le  of 0 to  1). Both equations p red ic t  an enormous 
increase  in  bounded long wave s iz e  in  shallow water, even without 
accounting fo r  incident wave shoaling .
2.1 .2  Breakpoint-forced Long Wave
Beginning with the d ep th -in teg ra ted , l in e a r iz e d  shallow water
Figure 2.1 Amplitude of bounded long wave predicted  by Ottesen Hansen 
e t  a l .  (1981) and Longuet-Higgins and Stewart (196H) as a 
function of water depth. Wave groups formed with T,«11.81 
s e c . ,  aj-O.ilO m, T2=10.30 s e c . ,  and a 2=0.12 m, re su l t in g  in 
T =80.55 s e c . ,  and a groupiness fa c to r  of 0.3 (where 1.0 iso
the maximum).
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equations of momentum and con tin u ity ,
3u/3t + g 3q/3x -  -(1 /ph) 3Sxx/3x
3q/3t + 3(hu)/3x -  0 , (2.13)
Symonds e t  a l .  (1982) parameterize group-induced breakpoint o s c i l la t io n s  
in  terms of a Fourier s e r ie s  of forcing func tions . The term 3Sxx/3x 
v a r ie s  as a function  of time within the a l te rn a te ly  breaking and non­
breaking wave zone, which becomes in  essence a wavemaker th a t  rad ia te s  
long waves a t  the group frequency and higher harmonics in both the 
shoreward and seaward d ire c t io n .  Inshore of the forcing  zone, the 
superposit ion  of the  landward rad ia ted  wave and i t s  shore line  re f le c t io n  
c rea te  a standing wave of the form given by (1 .3 ) .  The region offshore 
from the  fo rc ing  region contains the  superposition  of two progressive 
waves: one rad ia ted  seaward d i re c t ly  from the forcing  zone and one
rad ia ted  seaward from the shore line  r e f le c t io n .  Amplitudes of the  free  
waves in  the  standing and progressive wave zones are  obtained by 
matching th e i r  so lu tions  to  the  p red ic tions  a t  the  fo rcing  region 
boundaries. The following provides a conceptual explanation of th i s  
matching as a basis  fo r  comparisons with model r e s u l t s  in  Chapter 6.
Thinking in  terms of sea-surface  e leva tions  and assuming an 
adequate response time (as in  Symonds e t a l . ) ,  the  force balance within 
the time-varying breakpoint zone follows
3Sxx/3x = -(pgh) 3n/3x , ( 2 . 1 H)
which Is  recognized as the setup equation. A la rg e  group of waves w ill 
c rea te  a la rg e r  3Sxx/3x w ithin the fo rcing  region, re su l t in g  in  a 
negative pressure  gradient which t r a n s la t e s  in to  a seaward sloping 
su rface .  Conversely, a small group of waves produces a landward sloping 
su rface .  However, (2.14) only p red ic ts  sea-su rface  gradients; 
e leva tions  are  defined by matching the so lu tio n  here to  the standing and 
progressive region boundaries. For example, when the standing wave i s  
of a frequency such th a t  (1.3) p re d ic ts  an antinode a t  the landward 
boundary of the  fo rc ing  region, a maximum sea - lev e l  o s c i l l a t i o n  must 
occur here . Because (2.14) defines and l im i ts  the sea-surface  slopes 
th a t  e x is t  w ith in  the  fo rc ing  reg ion , s e t t in g  the  maximum amplitude at 
the inner boundary of the forcing  region n ecess i ta te s  a minimum 
amplitude a t the  outer boundary. This i s  then the  condition fo r  which 
the outgoing wave i s  suppressed. When (1.3) p red ic ts  a standing wave 
node a t  the  inner boundary of the fo rcing  reg ion , the  s i tu a t io n  is
reversed and the outgoing wave is  assigned a maximum amplitude. This 
case i s  i l l u s t r a t e d  in  Figure 2 .2 , a reproduction of Figure 7 in  Symonds 
e t  a l .  (1982).
Symonds e t  a l .  make two major p red ic tions  fo r  a plane beach.
Beyond the  fo rc ing  region  the  outgoing wave amplitude i s  frequency 
dependent, as seen in  Figure 2.3A. This i s  a d ire c t  r e s u l t  of the 
concepts described above. At the sh o re l in e ,  amplitude i s  a weaker 
function  of forcing  frequency, with la rg e r  amplitudes at higher 
frequencies as in  Figure 2.3B. This frequency dependence i s  a somewhat 
more su b tle  outcome of the amplitude matching procedure. The response 
given by (2.14) i s  not a function  of the  modulation frequency; however,
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Figure 2.2 Time-varying breakpoint model: so lu tions  fo r long wave
e leva tion  a t  d i f f e r e n t  s tages  of a group period separated by 
ir/2. Distance offshore  i s  normalized by the mean su rf  zone 
width. Long wave frequency i s  such th a t  the  standing wave 
node i s  near the  inner boundary of the forcing region 
r e s u l t in g  in  a maximum outgoing wave. Reproduction of 
Figure 7 from Symonds e t  a l .  (1982).
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Figure 2.3 Amplitude pred ic tions  reproduced from Symonds et a l .  (1982) 
Figures 6 and 8. Horizontal sca le  i s  x=Ctu X/gtang), where 
oj i s  the group frequency, X i s  the mean breakpoint d is tance , 
and tang i s  the beach s lope. Amplitudes are  normalized by 
An, h a l f  the d iffe rence  in  shore line  setup produced by 
constant waves with the  maximum and minimum amplitudes in 
the groups. (A): amplitude a t  the seaward boundary of the
forcing  region showing s trong frequency se le c t io n .  (B): 
amplitude a t  the sho re line  showing an increase  with 
increasing  group frequency.
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the  so lu t io n  fo r  a s tanding wave on a sloping beach ind ica tes  th a t  
higher frequencies have a more rap id  offshore  decay r a t e  than lower 
frequencies . Therefore, since a l l  frequencies have the same p o ten tia l  
fo r forcing  offshore  (desp ite  the varying nodal/an tinodal pos it ion  
re l a t iv e  to  the  fo rc ing  re g io n ) , h igher frequencies show a la rg e r  
shore line  amplitude than lower frequencies . S tated another way, i f  a l l
frequencies have the  same shore line  amplitude, higher frequencies w ill 
have a smaller amplitude offshore . Conversely (and analogously to  the 
case considered h e re ) ,  i f  a l l  frequencies have the  same amplitude 
o ffshore , then higher frequencies w ill  have a la rg e r  amplitude a t  the
sh o re l in e ,  as in  Figure 2.3B. Whether t h i s  i s  a good model of the 
na tu ra l s i tu a t io n  or j u s t  a numerical t r i c k  w il l  be explored in  Chapter 
6. The case of a longshore bar morphology, in  which Symonds and Bowen 
(1984) p red ic t  resonant frequencies a t  the sho re line , i s  re-examined in 
Appendix B.
2.2 Observations
2.2.1 Bounded Long Wave
Numerous observation have v e r i f ie d  the ex istence of a long wave 
s ig n i f ic a n t ly  c o r re la te d ,  but ir out of phase, with wave groups in  f i e ld  
data . Tucker (1950) made some of the  e a r l i e s t  observation, f ind ing  a 
d is t in c t iv e  time-lagged c o rre la t io n  between the wave envelope and long 
waves 1000 m from the beach. The observed s ig n a l ,  reproduced in  Figure 
2.H, was in te rp re te d  by Longuet-Higgins and Stewart to  represen t the
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Figure 2.H Tucker's (1950) observation of a time-lagged c o rre la t io n  
between wave groups and long waves 1000 m from the 
sho re line .
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time requ ired  fo r  groups to  reach the su rf  zone, and fo r  the  amplified 
bounded long wave to  re tu rn  to  the  measurement lo ca t io n  a f t e r  re lease  
from wave groups and shore line  r e f le c t io n .  Why the s ignal shows both 
po s i t iv e  and negative c o r re la t io n s  was not explained. More recent 
observations , including those of Sand (1982), Shi (1983), Huntley and 
Kim (1985), and Elgar and Guza (1985), have c lea r ly  documented the 
presence of the bounded long wave (BLW h e re a f te r ) .
However, l i t t l e  i s  known about the shoaling c h a r a c te r i s t ic s  of the 
forced response and consequently i t s  con tribu tion  and impact on su rf  
zone processes, although the deep to  in term ediate water s ize  seems 
reasonable well p redicted  by curren t theory (Sand, 1982, Shi, 1983). A 
general observation th a t  firm ly r e je c t s  the use of (2.9) or (2.11) in 
shallow water i s  the  measured le v e l  of in frag rav i ty  energy a t  the 
shore line ; i t  i s  much lower than p red ic t io n s ,  even during storm 
conditions . However, Mansard and Barthel (1985) do provide some 
labora tory  evidence th a t  the BLW am plifies in to  shallow water, although 
much le s s  than predicted  by (2 .11).
Although the su rf  zone s ize  of the BLW is  poorly known, observation 
have yielded some in te re s t in g  suggestions concerning bound wave 
dynamics. An e sp ec ia l ly  important question i s  whether the BLW is  
re leased  as a f r e e  long wave upon incident wave breaking or whether i t  
simply decays along with wave groups (remaining an e n t i r e ly  forced 
response). Although decay has o ften  been suggested, no mechanism has 
been proposed by which the  shallow water BLW could be suppressed. On 
the o ther hand, some in d ire c t  evidence s trong ly  supports the concept 
th a t  the BLW assumes the form of a f ree  long wave in  shallow water:
Guza e t  a l .  (1985) decompose long waves in to  shoreward and seaward
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t ra v e l in g  components and find convincing evidence th a t  a long wave 
component co rre la ted  to  wave groups i s  re f le c te d  from the sh o re l in e .
Another in te re s t in g ,  although even more poorly documented, fe a tu re  
of group-bound long waves i s  th e i r  phase r e la t io n  with wave groups. 
Theory p red ic ts  a it phase r e la t io n  in  deep water; deviations from th i s  
might suggest a l te red  dynamics in  shallower water. Indeed, both Mansard 
and Barthel (1985) and Elgar and Guza (1985) observe a s ig n if ic a n t  phase 
s h i f t  in to  shallow water.
2 .2 .2  Breakpoint-forced Long Waves
There has been a d is tu rb ing  lack of evidence supporting the 
concepts of Symonds e t  a l .  (1982), suggesting e i th e r  a flaw in  model 
dynamics or th a t  waves generated through t h i s  model a re  too small to  be 
convincingly id e n t i f ie d .  In a t e s t  of h is  own model, Symonds (1982) 
found no evidence of a frequency dependent wave offshore  as in  Figure 
2.3A. Although long waves shoreward of the breakpoint were observed to 
be standing as expected, th i s  would a lso  be the  case fo r many other 
types of long wave motion, including edge waves and a r e f le c te d  BLW.
P osit ive  co rre la t io n s  between wave groups and long waves have been 
observed by Tucker (1950) and Guza e t a l .  (1985), suggesting a 
breakpoint-forced type response. However, these  c o r re la t io n s  are 
generally  lower than the  negative assoc ia tions  a t t r ib u te d  to  the BLW. 
Moreover, i t  i s  unclear what type of s ignal i s  expected fo r  the 
b reakpoint-forced response in  l ig h t  of the  pred ic ted  frequency se lec t io n  
of the outgoing wave.
In a labora to ry  study, Kostense (1985) provides what i s  suggested 
to  be convincing evidence of the  e ff ic acy  of the  Symonds model. With 
input wave groups generated to  the  second order providing a forced wave 
in  accordance with the Ottesen Hansen equation, Kostense observes a 
frequency s e le c t iv e  outgoing wave q u a l i ta t iv e ly  s im ila r  t o  the Symonds 
e t  a l .  p red ic t io n s .  However, two po in ts  may diminish t h i s  r e s u l t .
F i r s t ,  input long waves were already of the average short wave s ize ;  
the generation of a it phase long wave may have v io la ted  shoaling BLW 
dynamics from the s t a r t .  Secondly, in  a s im ila r  setup Mansard and 
Barthel (1985) show no evidence fo r  a breakpoint-forced long wave, which 
should have corrupted the group/BLW re la t io n  seaward of the  su rf  zone.
2.3 Summary
T heore tical considera tions p red ic t  two modes of leaky mode long 
wave generation through ra d ia t io n  s t r e s s  g rad ien ts  in both broken and 
unbroken wave groups.
The concept of a bounded long wave i s  well supported by f i e ld  
evidence, although i t s  behavior in  shallow water i s  la rg e ly  unknown. 
However, evidence suggests th a t  i t  does not follow th e o re t ic a l  
p red ic tio n s  in  terms of s iz e  or phase re la t io n sh ip  with inc iden t wave 
groups, and th a t  i t  may be re leased  from the group s t ru c tu re  upon wave 
breaking.
The theory th a t  long waves are generated a t  a time-varying 
breakpoint i s  even le s s  supported by observations , which may suggest an
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importance secondary to  the BLW. However, apart  from a frequency- 
s e le c t iv e  outgoing wave, i t  i s  unclear exactly  what to  look fo r  in  
accessing t h i s  mode of fo rc in g 's  con tr ib u tio n  to  the  in frag rav ity  band.
F in a l ly ,  a perhaps c r i t i c a l ,  though overlooked, fa c to r  i s  the 
possib le  in te ra c t io n  between the  two modes of fo rcing  in  the  su rf  zone. 
Even i f  the in te ra c t io n  i s  e n t i r e ly  l in e a r ,  as assumed by Symonds et a l .  
(1982), th e i r  proximity and close  a ssoc ia tion  with the  group s t ru c tu re  
may r e s u l t  in e i th e r  constructive  or d es tru c t iv e  in te r fe ren ce ,  and makeI
independent evaluations  of th e i r  con tribu tions  meaningless.
C h a p te r  3
PARAMETERIZATION OF INCIDENT WAVE GROUPINESS
3.1 In troduction
Various methods have been used to  examine the  c h a r a c te r i s t i c s  of 
wave groupiness. One approach involves a s t a t i s t i c a l  study of "run 
len g th s ,"  defined as the length  of time a sequence of la rge  waves 
exceeds an a r b i t r a r i l y  defined c r i t i c a l  h e ig h t ,  u sually  taken as Hrms 
(e .g .  Elgar et a l . ,  198*0. This type of groupiness param eterization i s  
probably most usefu l in coas ta l and naval engineering in  which the 
frequency and dura tion  of c e r ta in  s t r e s s  le v e ls  must be known. The 
in te r e s t  here focuses more on techniques used to  in v e s t ig a te  the causal 
re la t io n sh ip  between wave groups and long waves in  the  nearshore zone.
This includes a f i l t e r i n g  method to  ca lc u la te  the  wave envelope or
amplitude time s e r i e s ,  Afc, and a non-dimensional groupiness f a c to r ,  GF. 
Examples are  given of the usefulness of these  techniques in  th e i r  own
r ig h t  fo r  describ ing both broken and unbroken inc iden t waves. Later
chapters explore the  group re la t io n s h ip  with nearshore long waves.
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3.2 Amplitude Time s e r ie s
3.2.1 Previous Approaches
There are severa l ways to  c a lc u la te  the envelope of a zero mean 
time s e r i e s .  The Fourier transform method of Rice (1944,1945) f inds  the 
envelope d i r e c t ly ,  but assumes a narrow band spectrum. F i l te r in g  
methods are used here in  order th a t  any wave t r a i n  may be considered. 
Funke and Mansard (1979) f ind  what they c a l l  the  "smoothed instantaneous 
wave energy h is to ry"  (SIWEH) by squaring and lowpass f i l t e r i n g  the sea 
su rface  time s e r i e s .  While t h i s  produces a time s e r ie s  th a t  r e f l e c t s  
the p a tte rn  of wave groups in  the inc iden t waves, i t  i s  not an amplitude 
time s e r ie s  but a time s e r ie s  roughly following one-half the  wave 
amplitude squared. This l im i ts  the SIWEH*s usefulness fo r measuring the 
wave amplitude v a r i a b i l i ty  and fo r  c a lcu la t in g  a well-bounded groupiness 
f a c to r ,  as w ill become c lea r  below.
3.2 .2  Proposed Method
The method proposed here begins with the sea-su rface  time s e r ie s ,  
which may be obtained d i r e c t ly  from wave s t a f f  recordings or, as in  the 
data used here, through a transform ation of bottom-measured pressure  to  
the  sea -su rface . The procedure fo r  th i s  transform ation has been 
ou tlined  previously , (Guza and Thornton, 1980, Thornton and Guza, 1983), 
but w il l  be d e ta i led  here to  c l a r i f y  the  sub jec tive  aspect of the 
method.
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F i r s t ,  the  pressure  time s e r ie s  i s  converted to  a depth time s e r ie s  
through the h y d ro s ta t ic  approximation,
\  -  Pfc/  Pg. (3.1)
The Fourier transform of hfc then gives the s e t  of complex c o e f f ic ie n ts  
a t the Fourier frequencies , H (f). These c o e f f ic ien ts  are  then 
transformed to  sea-surface  c o e f f ic ie n ts ,  X(f), by applying the  l in e a r  
wave theory t r a n s fe r  function  a t  each frequency,
X(f) -  H(f) (cosh(kh) /  cosh[k(z+h)]} , (3.2)
where k i s  the  wave number found from the d ispersion  r e l a t io n ,
to2 = gk tanh(kh), (3.3)
h i s  the mean water depth, and z i s  the mean sensor depth measured 
negative ly  from the  su rface . The inverse  Fourier transform of X(f) then 
gives the sea-su rface  time s e r ie s  nfc.
S u b je c t iv i ty  en te rs  the procedure in  choosing the range of 
frequencies  over which to  make the a ttenuation  co rrec t ion  given by
(3 .2 ) .  The Fourier transform provides co e f f ic ien ts  a t in te rv a ls  of
- 1  - 1  
(nAt) Hz between a frequency of (nAt) , corresponding to  the
fundamental period , and (2At) 1 , the  nyquist frequency. However, a t
high frequencies  i t  becomes apparent th a t  the  t r a n s fe r  func tion  in (3*2)
i s  making an excessive co rrec t ion  to  very low amplitude c o e f f ic ie n ts .
This i s  obvious in  a comparison between the  spectrum of the  non­
a t ten u a tio n  corrected  depth s e r ie s  and the spectrum of the corrected  n 
time s e r i e s ,  as shown in  Figure 3.1 A. At a frequency of approximately 
0.33 Hz, (marked by an arrow) the  sea -su rface  spectrum begins a steady 
in c rease ,  a fe a tu re  not found in  the uncorrected sp ec tra ,  nor in  any 
d i re c t  measurements of n by su rface -p ie rc ing  probes. This increase has 
been a t t r ib u te d  to  a decreasing s ig n a l /n o ise  r a t i o  fo r  high frequency 
waves which a re  la rg e ly  a ttenuated  before reaching the depth of the 
pressure  sensor (e .g .  Thornton and Guza, 1983, Lee and Wang, 1985). The 
point of the n upturn i s  taken as a convenient high frequency l im it  fo r 
making the co rrec t ion  given in  (3 .2 ) .  Figure 3•1B compares the zero- 
mean depth over pressure  time s e r ie s  with the  corrected  sea -su rface  
obtained in  t h i s  manner. One fu r th e r  note i s  th a t  the  upturn frequency 
fo r  the  a tten u a tio n  corrected  n spectrum increases with decreasing water 
depth so th a t  higher frequencies may be included in  nt  with smaller h. 
However, fo r  s e ts  of data covering a wide range of water depths, such as 
in  a c ross-shore  a rray , the cu to ff  frequency fo r  a l l  data  should be 
determined a t  the  deepest water s t a t io n  in  order th a t  the same frequency 
band of waves i s  considered.
Guza and Thornton (1980), Bishop and Donelan (1987), and others 
provide ample evidence th a t  t h i s  l in e a r  transform method fo r  obtaining 
nfc i s  usually  accurate  to  much le s s  than 20%, even w ithin the  su rf  zone 
where l in e a r  theory would not be expected to  apply. Although a possibly 
more accura te  method has recen tly  been proposed by Nielsen (1987), the 
l in e a r  transform method was used here because of i t s  wide acceptance and 
a degree of accuracy deemed high enough fo r  t h i s  study.
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Figure 3.1 (A) Comparison between spectrum of a t ten u a tio n  corrected
sea-su rface  and uncorrected depth over pressure  sensor. 
h=8.01 m. Arrow marks the frequency a t  which s ignal is  
presumed lo s t  to  the inherent noise le v e l ,  (n-2048, At=»1.0 
sec .)
(B) Comparison between a t ten u a tio n  corrected  sea-surface  
time s e r ie s  and uncorrected mean-removed depth over pressure 
sen so r .
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Once nfc i s  obtained, I t  i s  necessary to  define the  band of incident 
wave frequencies fo r which the envelope i s  d esired . This i s  e spec ia lly  
important in  very shallow water where longer period waves, such as those 
in  the in f rag rav i ty  band, may be highly energe tic  and a f fe c t  the 
envelope ca lc u la t io n .  The cu to ff  frequency between inc iden t and long 
period waves i s  customarily taken at 0.05 Hz, where a trough in  the sea- 
surface spec tra  i s  often  observed. However, some wave records vary 
s ig n i f ic a n t ly  from th i s ,  and i t  i s  important to  determine t h i s  cu toff 
fo r  each s e t  of synchronous wave records. In add ition  to  a sp ec tra l  
v a l ley ,  a change in  the coherence and phase between n and u can help 
id e n t i fy  the  inc ident wave/long wave c u to ff .
A high frequency cu to ff  must a lso  be determined; in t h i s  study i t  
i s  taken as the  l im i t  fo r  the a t ten u a tio n  co rrec t ion  (0.33 Hz). For 
d i r e c t ly  measured 3ea-surface da ta ,  inc ident waves may be considered up 
to  the  nyquist frequency or a lower frequency cu to ff  may be sub jec tive ly  
applied to  elim inate  some of the short period noise .
The sea -su rface  time s e r ie s  i s  then band-pass f i l t e r e d  with the 
cu to ff  frequencies defin ing the inc ident waves. A Fourier type f i l t e r  
was used here in  order to  minimize f i l t e r  widths. F i r s t ,  the complex 
Fourier c o e f f ic ie n ts  of the sea-su rface  time s e r ie s  are zeroed outside 
the band of frequencies defin ing  the  incident waves. Then a back 
transform provides the time s e r ie s  of the inc ident waves with unwanted 
frequency components removed. This r e s u l t s  in  a f i l t e r  t r a n s i t io n  width 
of 1/nAt Hz where n i s  the number of observations and At i s  the sampling 
in te rv a l .  Most of the data used here has nAt=2000 seconds, giving an 
extremely sharp f i l t e r  width of 0.0005 Hz.
This procedure r e s u l t s  in  an apparently  p e rfec t  f i l t e r  when 
examining the spectrum of the re su l t in g  data; i . e .  the energy 1-evel of 
the bandpassed estim ates a re  id e n t ic a l  to  the u n f i l te red  case and the 
f i l t e r  cu to ffs  are  nearly v e r t i c a l .  However, th i s  method of checking 
the performance of the f i l t e r  i s  deceiving, since by d e f in i t io n  the  re ­
transform ation of the data from time to  frequency space must r e s u l t  in 
exactly  the o r ig in a l  bandpassed c o e f f ic ie n ts .  The f i l t e r  e rro r  here 
must the re fo re  be examined in  time space, where i t  i s  evident th a t  a 
c e r ta in  amount of e r ro r  e x i s t s  near the  time s e r ie s  edges. This i s  
graph ica lly  demonstrated in  Figure 3.2 fo r  a sea-surface  time se r ie s  
with n-JJOOO, At-0.5 s e c . ,  and bandpass f i l t e r  cu to ffs  a t 0.02 and 0.30 
Hz. The s o l id  l i n e  in  Figure 3.2A i s  a segment of the  f i l t e r e d  time 
se r ie s  processed so th a t  i t  i s  f a r  removed from the time s e r ie s  edges 
while the dashed l i n e  i s  processed so th a t  i t  represen ts  the  beginning 
of the f i l t e r e d  time s e r i e s .  Figure 3.2B i s  the d ifference  between 
these  two s e r ie s  and c le a r ly  shows the presence of two superimposed 
e rro r  terms with r e p e t i t io n  periods of 3.3 and 20.0 seconds, exactly 
corresponding to  the  f i l t e r  cu to f f  frequencies .
The e r ro r  a r is e s  from the n ecess ity  of a f i n i t e  record leng th . 
Bandpass f i l t e r i n g  in  frequency space is  equivalent to  convoluting the 
inverse transform of a box func tion  with the  o r ig in a l  time s e r ie s .  The 
bandpass f i l t e r  in  frequency space is  defined by two cu to ff  frequencies 
such th a t
Gt (f)  = 1: -ui, < a) < toL G2(f)  = 1: -io2 < u> < uj2
0: otherwise 0: otherwise
where oj2 > uix. (3.4)
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The box function  i s  then G2( f )  -  G ^ f ) .  Because a property of Fourier 
transforms s ta t e s  th a t
FT [G2( f ) -  Gt ( f )]  -  FT CGa( f >] -  FT [ G ^ f ) ] ,  (3.5)
our f i l t e r  weights in  time space are  given by
gf -  ( 1 /2 ti) [ j “ *(1) cos(uit) dio -  J “ l ( 1) cos (tot) dto] , (3 . 6 )
U “ U) 2  “ (O j
where the imaginary components of the transform , is in ( to t) ,  have been 
neglected fo r  the  case of a symmetrical f i l t e r .  Our f i l t e r  weights are 
then
gfc = ( 1/u t )  [sin(u>2t )  -  sin(to1t ) ]  , (3 . 7 )
which i s  the d iffe rence  between two s ine  functions (sine function 
divided by the  operand of th e  s ine  fu n c t io n ) . For a d isc re te  s e t  of 
observations , the  f i l t e r e d  time s e r ie s  r e s u l t s  from the convolution,
n/2
1 j= -n / 2  J 1 J
i => - n / 2 , n/2  ,
(3.8)
where x i s  the o r ig in a l  time s e r i e s ,  z i s  the f i l t e r e d  time s e r ie s ,  and 
g^ a re  the  f i l t e r  weights. The e r ro r  in  the  f i l t e r e d  data  is  evident 
from (3 . 8 ) in  which the  t o t a l  se t  of f i l t e r  weights, g^ , i s  only used 
when i=0. Thus a l l  o ther po in ts  in  x^ a re  convoluted in to  a f r a c t io n  of
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Figure 3.2 (A) Comparison between segments of two Fourier bandpass
f i l t e r e d  time s e r i e s .  The s o l id  l i n e  (pi) was processed so 
th a t  i t  rep resen ts  a segment of record 400 seconds removed 
from the s e r ie s  edge, while the  dashed l in e  (p2) represen ts  
the  same segment of record processed to  be the  time s e r ie s  
edge. Original time s e r ie s  length  n=»4800, At=*0.5 sec .  Both 
s e r ie s  processed with n=4000, and bandpass f i l t e r  cu to ffs  at 
0.05 and 0.3 Hz.
(B) The d iffe rence  between the two s e r ie s  in  (A) showing two 
superimposed e rro r  terms a t  3 .3  and 2 0 .0  seconds 
corresponding to  the f i l t e r  c u to f fs .
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g j , which becomes smaller and more asymmetrical with increasing | i | .  
Luckily, the  f i l t e r  weights given by (3.7) drop o ff  rap id ly  with t  and 
thus the  f i l t e r e d  time s e r ie s  given by (3 . 8 ) i s  a f fec ted  s ig n i f ic a n t ly  
only near the  edges, as seen in  Figure 3.2.
In most o ther methods of f i l t e r i n g  time s e r ie s  data (e .g .  l e a s t  
squares, Kaiser-Reed, e tc . )  la rg e  amounts of the time s e r ie s  are lo s t  on 
the ends in  order to  a t t a in  a sharp frequency response function . With 
the Fourier method the  response func tion  i s  as sharp as the-bandwidth 
and the  time s e r ie s  r e ta in s  i t s  o r ig in a l  leng th , although a small 
portion  i s  contaminated a t  the edges. For the r e l a t iv e ly  long time 
s e r ie s  used here , t h i s  e r ro r  was judged to  be n e g l ig ib le ,  espec ia lly  in 
finding  time-mean s t a t i s t i c s  of the wave record.
After obta in ing  the  incident-band sea-surface  time s e r i e s ,  the 
amplitude time s e r ie s  i s  found by tak ing  the absolute value of the 
s e r i e s ,  applying a lowpass f i l t e r  to  remove the inc ident waves, and 
applying a fa c to r  to  co rrec t fo r  the mean value asymmetry in  the  modulus 
of a s ine  wave. The se le c t io n  of the  cu to ff  frequency fo r  removing the 
incident waves i s  c r i t i c a l  fo r obtaining an envelope s e r ie s  th a t  c lose ly  
follows the wave modulations. I f ,  fo r  example, the  inc iden t waves are 
defined between 3 .3  and 20.0  seconds, then the maximum wave period a f te r  
tak ing  the absolu te  value of the  s e r ie s  w ill be 10.0 seconds. Lowpass 
f i l t e r i n g  the data  with t h i s  cu to ff  gives a time s e r ie s  th a t  very 
c lo se ly  follows the wave groups. However, because the  mean of an 
absolute-valued s ine  function  of u n it  amplitude i s
n - 1 /ir / J  s i n ( 0 )d0 = 2 /tt , (3.9)
35
but fo r  t h i s  case we would d es ire  a lowpassed s e r ie s  with n=*1 , a fac to r  
of ir/2  must be applied to  the data.
Figure 3.3 gives examples of incident waves and the corresponding 
amplitude time s e r ie s  ca lcu la ted  in  th i s  manner. Figure 3.3A
corresponds to  the wave spectrum in  Figure 3-1» and shows the c lea r
d e f in i t io n  of waves groups in  high frequency unbroken storm waves at a 
depth of 8.0 m. The waves in  Figure 3.3B were recorded synchronously 
but a t  a depth of 1.7-4 m, where the m ajority  of waves were .broken. Both
amplitude time s e r ie s  were ca lcu la ted  with a lowpass f i l t e r  cu to ff  at 
twice the frequency of the longest inc ident waves allowed, and c losely  
follow the v a r ia t io n s  in  wave he igh t.
However, when waves deviate  s ig n i f ic a n t ly  from the s inuso ida l form, 
i t  may be d e s irab le  to  choose a lower frequency cu to ff  to  prevent the 
amplitude time s e r ie s  from track ing  the half-wave excursion from the 
mean. This i s  e sp ec ia lly  the case in  waves with a la rge  skewness, as in 
shoaling sw ell ,  and waves with a sawtooth form as sometimes occurs in  
shallow water broken waves. In these cases, a v isu a l ly  b e t te r  envelope 
i s  obtained by using a f i l t e r  cu to ff  equivalent to  the  low frequency 
l im i t  of the  inc iden t waves.
3 .2 .3  Wave Height S t a t i s t i c s  and D is tr ibu tion
This sec t io n  describes the  usefulness of A as an a l te rn a te  means
v
of finding  both wave height s t a t i s t i c s  and d is t r ib u t io n s .  Comparisons 
with the  sp e c t ra l  and zero-up-crossing methods are given. Wave height 
d is t r ib u t io n s  in  deep and shallow water are  compared to  the Rayleigh and 
normal p ro b a b i l i ty  func tions .
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Figure 3-3 Incident band sea-surface  time s e r ie s  and envelope, A. ,w
recorded in  (A) h=8.01 m and (B) h»1.7^ m. Data a t  both 
lo ca t io n s  recorded synchronously. Incident band defined 
from 3-3 to  20.0 seconds, Afc lowpassed > 10 seconds. For 
spectrum of t o t a l  sea -su rface , see Figure 3.1 A.
(A) h -  8. 01 M GF -  0 . 7 0
(B) h*=1. 74 M GF «= 0. 48
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I f  A c lose ly  follows the wave envelope, 2A i s  a time s e r ie s  of 
wave height and the rms wave height i s  then given by
Hrms = [ H/n £ A2 ] 0*  ^
1-1
( 3 . 10)
where At are  the  indiv idual observations in Afc. Figure 3 .1! compares 
Hrms ca lcu la ted  in t h i s  manner to  two other commonly used methods: the
sp ec tra l  method in which
where H^  are the  heights  of in d iv idua lly  counted waves. The deviations 
from the 1:1 re la t io n sh ip  a re  very s l ig h t  and c e r ta in ly  le ss  than e rro rs  
from other sources, such as the  problem of defin ing the  inc ident band of 
waves. Thus (3.10) i s  a v a l id  expression fo r  the d ire c t  computation of 
Hrms without the  Rayleigh d is t r ib u t io n  assumption used in  the  sp ec tra l  
method or the need fo r  counting indiv idual waves in  the zero-up-crossing 
method.
The accuracy of the sp e c tra l  method fo r  estim ating wave height 
s t a t i s t i c s  (e .g .  Figure 3.*1A) has commonly been used as evidence th a t
Hrms - 2/2 [ ^ (inciden t band variance) ]®*^, (3.11)
and the zero-up-crosslng method in  which
Hrms = [ 1/n I  (H 2) ]0’5 , 
i -1
( 3 . 12)
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Figure 3 .1* Comparison between the envelope method of find ing  Hrms and 
two commonly used techniques: (A) sp ec tra l  variance method,
and (B) zero-up-crossing method. From 29 se r ie s  recorded a t  
3 separa te  times in  water depth varying from 8 .0  m to  1 .0  m. 
Both broken and unbroken wave records are  represented .
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the Rayleigh p ro b a b i l i ty  d is t r ib u t io n ,  given by
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P(H) -  (2H/Hrras2 ) e" (H/Hrms) , (3 . 13)
i s  a good d esc rip to r  of the  wave height d is t r ib u t io n  (E arle , 1975, 
Thornton and Guza, 1983, among many o th e rs ) .  Using the envelope 
function proposed here, the Rayleigh d is t r ib u t io n  r e la t io n
Hrms = H/0.886 =» 2Afc/0.886 (3.14)
also  gives an exce llen t estim ate  of wave he igh t. However, the a b i l i ty
of the  Rayleigh d i s t r ib u t io n  to  accura te ly  p red ic t  wave height
s t a t i s t i c s  does not c o n s t i tu te  proof th a t  i t  provides a good descrip tion
of the  wave height d is t r ib u t io n .  This assumption is  te s ted  here using a 
2
X goodness of f i t  t e s t  (Zar, 1984) with wave height d is t r ib u t io n s  found 
d i re c t ly  from a histogram of 2A^. Two wave records were chosen to 
represent a wide range of wave types: unbroken waves in  intermediate
water depth and almost e n t i r e ly  broken waves well w ithin the  su rf  zone 
(see Figures 3.3A and 3*3B).
F i r s t ,  wave height d is t r ib u t io n s  found from the histogram of 2A. 
are compared to  d is t r ib u t io n s  found by the more t r a d i t io n a l  zero-up- 
crossing  method. Figure 3.5 demonstrates th a t  the re  i s  no s ig n if ic a n t  
d iffe rence  between the two methods and thus the histogram of 2Afc is  a 
v a lid  a l t e rn a te  method of find ing  the wave height d i s t r ib u t io n .  In 
f a c t ,  the re  are severa l reasons why the  method proposed here may be 
superior to  the zero-up-crossing method. F i r s t ,  i t  i s  le s s  a rb i t ra ry  in
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Figure 3.5 Comparison between wave height d is t r ib u t io n s  found from 2Afc 
and by the zero-up-crossing method fo r  (A) unbroken waves 
with h -8 .0  m (see Figure 3.3A fo r  time s e r ie s )  and (B) 
broken waves with h -1 .75 m (see Figure 3.3B). Values of 2A. 
have been scaled by the peak s p e c tra l  period , 6.25 seconds, 
so th a t  an approximate number of waves a re  represented by 
bin values.
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i t s  d e f in i t io n  of ind iv idua l wave he igh ts .  For example, in  the zero-up- 
crossing  method a very small o s c i l l a t io n  w il l  be counted as a wave i f  i t  
happens to  be defined by two zero-up-crossings , but not when i t  i s  
defined by two zero-down-crossings. The envelope method t r e a t s  a l l  
waves equally  regard less  of th e i r  re la t io n sh ip  to  the zero re fe rence .
In ad d itio n ,  the  method proposed here discounts very high frequency 
waves on the  b a s is  of th e i r  n eg lig ib le  time con tr ibu tion  to  the record , 
while again the zero-up-crossing method i s  very random in  t h i s  re spec t.
Using the  envelope-derived wave h e igh ts ,  the  Rayleigh d is t r ib u t io n
assumption i s  te s ted  along with the normal d i s t r ib u t io n  in  Figures 3.6
and 3 .7 . Figure 3.6 rep resen ts  the h -8 .0  m case and shows a c lose  f i t
between the observed and Rayleigh d i s t r ib u t io n  while the normal
d i s t r ib u t io n  f i t  i s  poor. However, fo r  the h=1.75 m case in  Figure 3.7
(with la rg e ly  broken waves) the Rayleigh d is t r ib u t io n  f i t  i s  extremely
2poor, with a fo u r - fo ld  exceedance of x beyond the 9556 confidence lev e l  
fo r  a s ig n i f ic a n t  d if fe ren ce .  In te re s t in g ly ,  th e  normal d is t r ib u t io n  
provides an exce llen t f i t  fo r  these  waves.
Although no physical basis  fo r  these  observations i s  proposed here, 
i t  i s  in te re s t in g  to  note th a t  while wave height s t a t i s t i c s  such as 
Hrms, Hs, and may be well pred ic ted  using the  Rayleigh
d is t r ib u t io n  assumption, th e re  i s  nevertheless  a s ig n if ic a n t  trend 
toward normalcy in  the  shallow-water broken wave d i s t r ib u t io n .  This is  
su b s tan tia ted  in  o ther data  s e ts  examined, and appears without being 
noted in  the da ta  of Thornton and Guza (1983).
H2
Figure 3.6 Comparison between the wave height d is t r ib u t io n  a t  h=8.0 m
found from 2 A a n d  two th e o re t ic a l  d is t r ib u t io n s :  (A)
2Rayleigh, (B) Normal, x goodness of f i t  t e s t  of Ho: no
s ig n i f ic a n t  d iffe rence  i s  accepted in (A) and re je c te d  in  
(B).
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Figure 3.7 Comparison between the wave height d is t r ib u t io n  a t  h»1.75 m
found from 2Afc and two th e o re t ic a l  d is t r ib u t io n s :  (A)
?
Rayleigh, and (B) Normal, x goodness of f i t  t e s t  of Ho: 
no s ig n i f ic a n t  d iffe rence  i s  very s trongly  re je c te d  in (A) 
and s trong ly  accepted in  (B).
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3.3 Measures of Amplitude V a r ia b i l i ty
3.3.1 Previous Approaches
Parameters describ ing the  degree of inc ident wave groupiness are 
usefu l in  s tu d ie s  r e l a t in g  th i s  quan tity  to  long wave fo rc ing , 
e sp ec ia l ly  through the su rf  zone where la rge  deviations occur. Funke 
and Mansard (1979) and Sand (1982) have proposed a groupiness fac to r  
computed as
standard deviation  of SIWEH GF - ____________________________» (3.15)
mean of SIWEH
where SIWEH is  the smoothed instantaneous wave energy h is to ry  found from 
the squared and lowpass f i l t e r e d  Incident waves. However, since the 
SIWEH is  a non-linear function of the wave he igh t, the GF given by
(3.15) is  a poorly bounded parameter. For example, Funke and Mansard 
(1979) present examples of wave records with a GF varying between 0.20 
and 1.35, although i t  i s  c le a r  th a t  these do not represent the extreme 
end member cases of monochromatic and f u l ly  modulated waves. Another 
disadvantage of the  SIWEH-based GF is  th a t  i s  compares poorly with a 
conceptually  simple modulation parameter given by
GF - AA/H , (3.16)
where fo r  monochromatic groups AA i s  the amplitude v a r ia t io n  and H i s  
the mean wave he igh t. Equation (3.16) i s  equal to  1 fo r  two beating
s inuso ids , and i s  equal to  zero fo r  a monochromatic wave. Modulation 
parameters equivalent to  (3 *16) have been used in  numerical and 
labora to ry  s tu d ie s  of long wave fo rcing  by groups (Symonds e t  a l . ,  1982, 
Kostense, 1985), making i t  d es irab le  to  employ a s im ila r  GF for random 
wave data.
3 .3 .2  Proposed Method
P a ra l le l  to  the method of estim ating wave height from the variance 
of the  sea-su rface  (Hrms, Hs), the GF proposed here i s  an estim ate  of
(3 . 16) given by
GF = (2 /2 oa ) /  2Afc =■ / 2 oa /  Afc , (3.17)
t  t
where oA and Afc are the  standard deviation and mean of Afc re sp ec tiv e ly ,  
t
Equation (3.17) gives values of GF equivalent to  (3.16) fo r  the  end 
member cases (GF=0, GF=1). I t  i s  important to note, however, th a t  GF 
found from (3.17) or (3.15) i s  extremely s e n s i t iv e  to  both the
d e f in i t io n  of the inc iden t band of waves and the lowpass f i l t e r  cu toff 
fo r  the  envelope func tion . S p ec if ic a l ly ,  a narrower d e f in i t io n  of the 
inc ident waves or a higher frequency cu to ff  for A^  w ill r e s u l t  in  a 
la rg e r  GF, making i t  d i f f i c u l t  to  ob jec t ive ly  compare GF between wave 
records with d is s im ila r  frequency components. As a general ru le ,  only 
records processed with exactly  the  same f i l t e r  cu to ffs  should be 
compared.
3 .3 .3  Groupiness of Natural Waves
In water deep enough th a t  waves are  la rg e ly  unbroken, i t  might be 
expected th a t  the degree of wave groupiness would be a function  of the 
sp ec tra l  peakedness; very narrow band waves a re  a b e t te r  approximation 
of two beating sinusoids and should have a la rg e r  GF. However, th is  
l in e  of reasoning does not seem to  be supported by a l im ited  s e t  of 
observations. Figure 3.8 shows the spectrum, incident waves, and A. fo r 
narrow band swell processed id e n t ic a l ly  to  the broad band waves seen in  
Figure 3.1 A and Figure 3.3A. Despite the  la rg e  sp ec tra l  d ifference  
the re  i s  no d ifference  in  GF. Thus the v isua l observation th a t  broad- 
banded storm waves are l e s s  "groupy" than clean swell i s  not 
su b s tan tia ted  by bottom pressure measurements. Further invest iga tions  
along these  l in e s  may help s u b s ta n t ia te  the  notion th a t  wave groupiness 
cannot be modeled merely as the superposition  of independent sinusoids 
(e .g .  M ollo-Christiansen and Ramamonjiarisoa, 1978, 1982).
Regardless of the source of wave groupiness in  deep water, shallow 
water breaking causes a rap id  decrease in  amplitude v a r i a b i l i ty  th a t  is  
well described by GF. Figure 3.9 shows the cross-shore  v a r ia t io n s  in
GF, o , and A. using waves from the same time period as those in  Figure
At  *
3 . 8 , but processed s l ig h t ly  d i f f e r e n t ly  to  account fo r  changes in the 
shallow water records. S p e c if ic a l ly ,  the  inc iden t waves are  only 
defined up to  16.7  seconds a t  which point the  inc ident wave band a l t e r s  
to  a standing wave band. Also, the  lowpass cu to ff  fo r  Afc i s  taken at 
the  inc iden t wave l im i t  because of s trong  wave skewness. This
Figure 3.8 (A) Spectrum of a t tenua tion  corrected  sea-su rface  showing
narrow band, low energy sw ell,  (n -20^8 , At-1 .0  s ec .)
(B) Incident band sea-su rface  time s e r ie s  (3.3 to  20.0 
seconds) with superimposed envelope found as A bandpassed > 
10 .0  seconds.
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Figure 3.9 Groupiness f a c to r ,  o. , and A a t  9 cross-shore  loca tions
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recorded simultaneously during a period of low energy, long 
period sw ell.  Incident waves defined from 3.3 to  16.7 
seconds. A lowpass f i l t e r e d  > 16.7  seconds.
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underscores the po in ts  make previously th a t  the cu to ff  frequencies must
be determined fo r  each s e t  of observations, and comparisons are only
v a lid  when a l l  data  i s  processed id e n t ic a l ly .
Using these  c r i t e r i a ,  an in te re s t in g  p a t te rn  emerges in  Figure 3.9.
While both GF and <jft begin a downward trend a t  s ta t io n  6 , Afc remains
t
v i r tu a l ly  constant up to  s ta t io n  3. Afc, as we have seen, i s  d ire c t ly
proportional to  wave height measures such as Hrms. Thus i t  seems tha t
GF or o. provide a more sen s i t iv e  c r i t e r i a  fo r  su r f  zone id e n t i f ic a t io n  
At
than the wave height measures. Visual observations confirmed th a t  some 
of the  la rg e r  waves were breaking by s ta t io n  5, while the  continued 
shoaling of unbroken waves probably accounts for the  lack of an 
Afc decrease u n t i l  s ta t io n  2.
3 .1* Conclusions
The param eteriza tion  of inc ident wave groupiness in terms of an 
amplitude time s e r ie s  has been shown to  be superio r  to  a squared sea- 
surface  envelope func tion  in  severa l re sp ec ts .  F i r s t ,  Afc i s  useful as 
an a l te rn a t iv e  means of find ing  both wave height s t a t i s t i c s  and 
d is t r ib u t io n s .  I t  i s  documented th a t  while the  Rayleigh d is t r ib u t io n  
accura te ly  p red ic ts  measures of wave height (Figure 3 .^a ) ,  i t  i s  a poor 
d e sc r ip to r  of the  wave height d i s t r ib u t io n  in  shallow water.
A second advantage of the amplitude time s e r ie s  stems from i t s  use 
in  a groupiness f a c to r  th a t  i s  well bounded, unlike a s im ila r  measure
based on the  SIWEH. GF i s  a lso  found to  be an improved ind ica to r  of 
su rf  zone width, as i t  i s  more s e n s i t iv e  to  i n i t i a l  wave breaking than 
measures of overa ll  wave he igh t.
Chapter 4 
FIELD OBSERVATIONS
4.1 In troduction
F ie ld  observations of pressure  and current in  a cross-shore  array 
are examined fo r  the  presence of long wave components associated  with 
wave groups through two generation models: the bounded long wave
(Longuet-Higgins and Stewart, 1964) and long waves generated a t a time- 
varying breakpoint (Symonds e t  a l . ,  1982).
Using the  envelope time s e r ie s  derived in  Chapter 3, th i s  is  
accomplished through sp ec tra l  and c ro s s -c o r re la t io n  methods. The 
in te rp re ta t io n  of the c ro ss -c o rre la t io n  ana lys is  i s  s im plif ied  by the 
decomposition of long waves in to  onshore and offshore  progressive 
components following Guza et a l .  (1985).
4.2 Data C ollection
An experiment conducted in  September, 1985 a t  the  U.S. Army Corps 
of Engineers F ie ld  Research F a c i l i ty  in  Duck, North Carolina provided 
the data  used here . Mason et a l .  (1987) give a d esc r ip t io n  of the f i e ld  
s i t e  and experimental setup. The nearshore p ro f i le  and measurement 
lo ca tions  are shown in  Figure 4 .1 . Figure 4.2 shows the three  
dimensional morphology observed j u s t  p r io r  to  the c o l le c t io n  of the data
51
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Figure 4.1 From top: groupiness f a c to r ,  s tandard deviation  of
amplitude time s e r i e s ,  s ig n if ic a n t  wave height (derived from 
sp ec tra l  variance in  0.30 to  0.06 Hz band), and nearshore 
p ro f i l e  with instrument lo ca t io n s .
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used here . Although some longshore i r r e g u la r i t i e s  were presen t, the 
morphology i s  without major fea tu res  such as c re scen t ic  or longshore 
bars which might have produced resonant modes of long waves. All 
bathymetric observations were co llec ted  by the Army Corps using the CRAB 
p ro f i l in g  system (Mason e t  a l . ,  1985). At each of the  9 measurement 
lo ca tions  pressure  and b i -a x ia l  ho rizon ta l curren ts  were sampled 
synchronously fo r  40 minutes a t  2 Hz. Pressure sensors were of the 
diaphragm type and flows were measured by Marsh Mcbirney electromagnetic 
cu rren t meters. For a more complete desc r ip tio n  of the  instrumental 
se tup , see Hubertz e t  a l .  (1987).
The data presented here were co llec ted  a t  1500 EST on September 9, 
1985. Waves consis ted  of v isu a l ly  well grouped swell with a narrow 
sp e c tra l  peak near T=1 2 seconds. The angle of incidence was nearly 
shore-normal, although wave c re s ts  and wave groups did not appear to  be 
very continuous alongshore.
4.3 Data Processing
Cross-shore cu rren ts  are  defined as p o s i t iv e  onshore so th a t  
incoming long waves ex h ib it  the  same phase r e l a t io n  with wave groups 
whether using the  sea -su rface  or curren t records. Sea surface and wave 
envelope time s e r ie s  were found according to  the procedures in  Chapter 
3, with inc ident waves defined from 0.30 to  0.06 Hz, and groups 
containing frequencies > 0.06 Hz. An inc iden t/long  wave band cu to ff  was 
chosen a t  0.06 Hz based on shallow water sp ec tra ,  in  which i t  was c lear 
th a t  the  inc iden t band energy was confined to  higher frequencies . 
(Changes in  the  n and u cross-spectrum a t  t h i s  frequency a lso
Figure U.2 Nearshore morphology observed by CRAB survey j u s t  p r io r  to  
the c o l le c t io n  of data  used here . The cross-shore 
instrument array was located  a t  1000 m in  the  longshore 
dimension and extended to  4211 m in  the  offshore dimension. 
(Note th a t  the sho re line  re fe rence  point i s  not the same as 
in  Figure 4 .1 .)
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su b s ta n t ia te  th i s  c u to f f . )  A dditionally , energy a t  very low frequencies 
(below 0.007 Hz) was removed because c e r ta in  records contained energetic  
red s t ru c tu re  in  th i s  band th a t  was uncorrela ted  with o ther records and 
lowered the a ssoc ia tion  with wave groups. Thus the low frequency time 
s e r ie s  used here contain energy from 0.007 to  0.06 Hz.
All spec tra  and C ross-spectra  were smoothed to  give 34 degrees of 
freedom, re s u l t in g  in  a 95? Cl on zero coherence of approximately 0.41. , 
C orre la tions  between Afc and long waves were found over a p o s i t iv e  and 
negative lag  as
fo r  j  S 0
and
fo r  j  2 0
j  = -200,200 , (4.1)
where X and Y represen t the  s e r ie s  to  be co rre la ted  and j  i s  the  lag .
As adjacent poin ts  in  a wave time s e r ie s  are by no means
independent, the 95$ Cl on zero coherence was found using a reduced 
£
number of p o in ts ,  n , given by Garret and Toulany (1981) as
—1 — ?n = n + 2n I  (n - j )  R (j ) ,
j=1 79
( 4 .2 )
56
where n i s  the  o r ig in a l  number of p o in ts ,  R (j ) is  the  lagged auto-xy
c o r re la t io n  of the  product of the  two s e r ie s  to  be c o rre la ted ,  and n' i s
£
the  number of lag s  u n t i l  R experiences a zero-crossing . While n i sxy
somewhat v a r ia b le ,  most c ro s s -c o rre la t io n s  presented here have a 95% Cl 
on r«*0 l e s s  than 0.15, which i s  used as a general re fe rence  le v e l  fo r  
s ig n if ic an ce .
Some pressure  channels showed a high energy, narrow band peak in 
the sp ec tra  which was judged to  be some so r t  of e le c tro n ic  . 
contamination. Gaps in  the  r e s u l t s  presented below represen t da ta  th a t  
was not analyzed because of th i s  problem.
4.4 Cross-shore Wave S t a t i s t i c s
Figure 4.1 shows the cross-shore  v a r ia t io n s  in  s ig n if ic a n t  wave
heigh t,  H , standard dev iation  of the amplitude time s e r ie s ,  a. ,and 
s  t
groupiness f a c to r ,  GF. While H does not decrease u n t i l  s ta t io n  2, i t  is
evident from o. and GF th a t  i n i t i a l  breaking of the la rg e s t  waves must 
At
have begun j u s t  inshore of s ta t io n  6. The wave groupiness in  both the 
cu rren t and sea -su rface  inc iden t band decreases from around 0.65 
offshore  to  0.45 by s ta t io n  1. More im portantly , the  wave height 
v a r i a b i l i t y ,  as measured by the  standard dev iation  in  Afc, decreases by a 
fa c to r  of 2 across the  instrument a rray . I f  the  s iz e  of the bounded 
long wave in  the su rf  zone remains p roportional to  v a r ia t io n s  in  the 
wave height squared, as implied by equations (2.9) and (2 .11 ) ,  then the 
BLW s ize  might be expected to  be p roportional to  the square of o. ,
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implying a fo u r-fo ld  decrease from s ta t io n  6 to  s ta t io n  1. I t  w ill  be 
shown in  Section 4.6 .3  th a t  t h i s  does not seem to  be the case.
4.5 Total Long Wave Analysis
4.5.1 C ross-spectra
C ross-spectra  between A. and n, were found as a f i r s t  s tep  in
X t L i
assess ing  the degree to  which long waves in  the  nearshore are  d i re c t ly  
forced by wave groups. Figure 4.3 shows the most coherent c ross­
spectrum of any ca lcu la ted  between co-located  Afc and t^ .  While there  
a re  some signs of the forced response (phase near 180° in  bands of 
s ig n i f ic a n t  coherence) the  r e la t io n  is  c e r ta in ly  weaker than in  the 
r e s u l t s  presented by Huntley and Kim (1985). Since in  addition  to  the
incoming BLW, th e  nearshore long wave f i e ld  may well consis t  of
r e f le c te d  long waves, waves generated a t  a time-varying breakpoint, and 
edge waves, i t  i s  not su rp r is in g  th a t  Figure 4.3 shows an unclear BLW
sig n a tu re .  These e f fe c ts  were probably le ss  important in  Huntley and
Kim (1985) fo r  several reasons. F i r s t ,  t h e i r  measurements were taken 
very c lo se  to  shore, l ik e ly  w ithin  the  f i r s t  antinode of most long wave 
frequencies . Therefore, the d i f f e r e n t ia t io n  of incident and re f le c te d  
long waves was not possib le .  Secondly, the beach slope was very high, 
increasing  the p ro b a b i l i ty  of inc iden t wave r e f le c t io n  and reducing the 
l ik e l ih o o d  of breakpoint-forced long waves. The data presented here 
seems more re p re sen ta t iv e  of an open coast s i tu a t io n  with waves breaking 
offshore  and d is s ip a t in g  through a shallow su rf  zone.
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Figure 4.3 Cross-spectrum between the amplitude time s e r ie s  and sea 
su rface  long waves a t  lo ca tion  5 in  Figure 4 .1 .
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I f  wave groupiness i s  fo rc ing  a s ig n i f ic a n t  portion of the 
in frag rav i ty  band, a s im i la r i ty  between the spectrum of A. and the 
spectrum of the long waves might be expected. In order to  properly t e s t  
th i s  assumption, the  nodal/an tinodal s t ru c tu re  contained in  offshore- 
measured spec tra  must be avoided, e i th e r  by d i r e c t ly  measuring run-up, 
or by using the  procedures of Sallenger and Holman (1987), Wright e t  a l .  
(1986), or L is t  and Shi (1986). However, none of th i s  i s  necessary for 
the present case as the spec tra  of Afc in Figure 4.3 shows no s ig n if ic a n t  
s t ru c tu re  to  begin with. This lack of a dominant groupiness frequency 
has been observed previously (Symonds, 1982, Huntley and Kim, 1985), and 
in  a wide range of da ta  examined in  a ssoc ia tion  with the present study. 
The groupiness of the  inc iden t waves, th e re fo re ,  i s  l ik e ly  to  be a 
source of broad-banded long wave energy only; dominant frequencies in  
the  nearshore , i f  observed, must be generated through another mechanism.
4.5 .2  C ross-co rre la tions
In order to  d i f f e r e n t i a t e  between group-related  long wave 
components t ra v e l in g  shoreward and those e i th e r  r e f le c te d  or generated 
in  the su rf  zone and trav e lin g  seaward, c ro s s -c o rre la t io n s  were 
ca lcu la ted  s im ila r  to  those f i r s t  presented by Tucker (1950). Figure 
4.4 shows c ro ss -c o rre la t io n s  between co-located Afc and long waves ( in  
both curren t and sea -su rface) a t  8 s ta t io n s .  The bounded long wave 
response i s  seen as a negative c o r re la t io n  near zero la g ,  which i s  
marginally s ig n i f ic a n t  a t s t a t io n  9, strengthens to  a maximum a t  s ta t io n  
3 and then decreases and disappears by s ta t io n  1.
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Figure 4.4 C ross-co rre la tions  between co-located long waves (both 
cu rren t and sea-surface) and amplitude time s e r ie s  a t 8 
cross-shore  lo c a t io n s .  Horizontal sca le  i s  the time lag  in  
seconds, v e r t i c a l  sca le  i s  the c o rre la t io n  c o e f f ic ie n t .  
P os it ive  lags in d ica te  a leading group s t ru c tu re .  Numbers 
along the  r ig h t  in d ica te  s ta t io n  lo ca t io n s  fo r  long waves 
and A. as shown in  Figure 4.1 . Solid  arrows represent the 
round- tr ip  t ra v e l  time from the ind ica ted  lo ca t io n  to  the 
sho re line . The approximate 95/S confidence in te rv a l  on r=0 
i s  shown.
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The supposition  th a t  groups are  fo rc ing  long waves and not v isa-  
versa  i s  supported by a s ig n i f ic a n t  degree of co rre la t io n  between the 
group s t ru c tu re  offshore  and the group s t ru c tu re  up to  s ta t io n  5; in 
o ther words the wave groupiness to  a la rg e  ex ten t i s  an o r ig ina l fea tu re  
of the offshore  waves through t h i s  zone, and i s  not being created by an 
in te ra c t io n  between short waves and long wave depth or curren t 
modulations. The disappearance of the near zero-lag  negative 
c o r re la t io n  landward of s ta t io n  3 could be due to  a decrease in the s ize  
of the  BLW, but could a lso  be due to  th i s  sho rt  wave/long wave 
in te ra c t io n  (as p red ic ted  by Abdelrahman and Thornton, 1988), which 
would cause a m odification in  the  group s t ru c tu re  and mask the cross­
c o r r e la t io n 's  a b i l i t y  to  id e n t i fy  a forced response.
To t e s t  t h i s  idea, the  c ro s s -c o rre la t io n s  between the amplitude 
s e r ie s  a t s ta t io n  8 and long waves a t  7 s ta t io n s  c lo se r  to  shore were 
ca lcu la ted  and are shown in  Figure H.5. The forced wave response, now 
a t  progressively  g rea te r  time la g s ,  appears to  strengthen a l l  the way to  
s ta t io n  1. A s im ila r  response was found by Guza et a l .  (1985). Solid 
dots in  Figure it.5 show the  measured group t ra v e l  time (from Afc c ross­
c o r r e la t io n s ) ,  in d ica t in g  th a t  a f t e r  the inc iden t waves began breaking, 
the  forced response lagged behind the wave group s t ru c tu re  by up to  10 
seconds. The question of whether t h i s  group-correla ted  long wave 
component i s  s t i l l  a bounded long wave or now a f ree  wave w ill  be 
addressed below.
Another in te re s t in g  fea tu re  of Figures H.H and M.5 i s  a s e r ie s  of 
s ig n i f ic a n t  peaks occurring a t  lags  nearly  matching the  round- tr ip  long
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Figure 4.5 C ross-co rre la tions  between Afc a t  lo ca t io n  8 and long waves
a t  7 s ta t io n s  c lo se r  to  shore. Horizontal sca le  i s  the time 
lag  in  seconds, v e r t i c a l  sca le  i s  the c o r re la t io n  
c o e f f ic ie n t .  P os itive  lags  in d ica te  a leading group 
s t ru c tu re .  Numbers along the l e f t  ind ica te  the  s ta t io n  
lo ca tions  fo r  long waves as shown in  Figure 4.1. Solid dots 
rep resen t the group t ra v e l  time measured from cross­
c o rre la t io n s  between s p a t i a l ly  separated Afc, ind ica ting  th a t  
the negative BLW signal lags 'beh ind  the group s t ru c tu re  in  
shallow water.
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wave t ra v e l  time given by
T -  /  ( g h f 1/2 dx (4.3)
from the point of Afc measurement to  the  shore line  (marked by so lid  
arrows). The signs of the and c o rre la t io n s  are  opposite , 
confirming th a t  t h i s  s ignal represen ts  outgoing waves s a t is fy in g  the 
notion th a t  the incoming BLW is  re leased  and simply re f le c te d  as a f ree  
wave, as suggested by Longuet-Higgins and Stewart (1962,1964).
Associated with t h i s  outgoing BLW-type s igna l i s  a s ig n i f ic a n t ,  
though generally  secondary, c o r re la t io n  with the  opposite  s ign .
Appearing about 20 seconds e a r l i e r ,  t h i s  s ignal has been a t t r ib u te d  to  
the b reakpoin t-forcing  model (Symonds et a l . ,  1982), and was present in  
the o r ig in a l  observations of Tucker (1950) and the more recent work of 
Guza e t a l .  (1985). However, i t  i s  d i f f i c u l t  to  p red ic t  exactly  how 
waves generated by the b reakpoin t-forcing  model might a f fe c t  the c ross­
c o rre la t io n s  as ca lcu la ted  here (see Huntley and Kim, 1984); i t  can only 
be speculated th a t  co rre la t io n s  a t  th i s  time lag  r e l a t e  to  t h i s  model.
In a s im p lis t ic  sense, however, i t  would seem th a t  since la rg e r  waves 
are predic ted  to  be associated  with a higher setup , long waves generated 
by the  model of Symonds e t  a l .  (1982) should show a c o rre la t io n  opposite 
to  th a t  of the BLW (or a recen tly  re leased  long wave of BLW o r ig in ) .
The f a c t  th a t  most of the  s ig n i f ic a n t  c o r re la t io n s  in  Figure 4.4 and 4.5 
f i t  the idea of an in c id en t ,  re leased , and r e f le c te d  BLW may ind ica te  
th a t  breakpoint-forced waves were of l e s s e r  importance during th is  
experiment.
Since the  square of the c o r re la t io n  c o e f f ic ie n t  gives the percent 
of one channel 's  v a r i a b i l i ty  th a t  can be p redicted  by another, the 
c o rre la t io n s  associated  with the  incoming BLW in  Figure 4.5 could 
id ea l ly  be used to  determine the f r a c t io n  of long wave height 
a t t r ib u ta b le  to  group fo rc ing  a t  each s ta t io n ,  r e s u l t in g  in  a p ic tu re  of 
the cross-shore  evolution of BLW s iz e .  Unfortunately, as shown by 
Sallenger and Holman (1985A), the in f rag rav i ty  variance in  n or u can be 
dependent on the sampling lo c a t io n 's  p o s i t io n  r e la t iv e  to  a. standing 
wave s t ru c tu re ,  as seems to  be the case in  Figure 4 .6. S im ila r ly , the 
c o r re la t io n  s ig n a ls  fo r  incoming and outgoing waves are  superimposed 
c lose  to  shore, d i s to r t in g  the values in  an unpredic tab le  manner. 
Therefore, a method of separa ting  the landward and seaward progressive 
long wave components (Guza e t a l . ,  1985) was used to  circumvent these 
problems.
4.6 Long Wave Component Analysis
4.6.1 Component Separation
After Guza e t  a l .  (1985), landward and seaward progressive long 
wave components in  u n i ts  of sea su rface  e leva tion  were found as
where and u^ represen t each point in  the  n and u long wave time
n^OFF = (nL -  /h /g  uL) /  2 , (4.4)
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Figure H.6 The e f fe c t  of component separa tion . (A) S ig n if ican t  wave 
height from the variance of the  sea -su rface  long wave band 
(0.06 to  0.007 Hz). (B) S ig n if ican t  wave height from the 
variance of the onshore and offshore  progressive long wave 
components.
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s e r i e s ,  h Is  the average water depth, and u i s  defined as p os it ive  
onshore. The components in  u n its  of v e loc ity  could be found s im ila r ly ,  
but provide no add itiona l information.
Equation (4.4) cannot be used with many data  s e ts  because of a 
number of r e s t r i c t i o n s .  As noted by Guza et a l . ,  long waves are assumed 
to  be shore-normally o r ien ted .  An obliquely  angled incident long wave 
would contaminate the offshore  component and an obliquely angled 
outgoing long wave would contaminate the onshore component.. Edge wave 
motions would put spurious energy in to  both n^ ON and 
presumably to  equal degrees. Also, long waves are assumed to  follow the 
shallow water, l in e a r  d ispersion  r e la t io n ,  excluding bounded long waves 
associated  with groups in  deeper water.
Tests  showed th a t  the data s e t  used here must have la rge ly  
s a t i s f i e d  these cond itions . For example, the cross-spectrum between two 
nLON s e r ie s  a t  adjacent s ta t io n s ,  as seen in  Figure 4.7A, exh ib it  a high 
coherence and the phase r e la t io n  of an incoming progressive wave. 
Conversely, the  cross-spectrum between two n^OFF components in  Figure 
4.7B c le a r ly  in d ica tes  an offshore  progressive wave. A cross-spectrum 
between the t o ta l  between these  two s ta t io n s  i s  very d i f f e r e n t ,  
showing the v a riab le  coherence and phase re la t io n sh ip s  of a p a r t i a l ly  
standing wave.
At th is  point we can t e s t  the Symonds e t  a l .  (1982) p red ic t io n  of a 
frequency-dependent outgoing wave. Assuming the component separa tion  is  
working reasonably well, the r^OFF spec tra  in  Figure 4.7B should show a 
d i s t in c t  s t ru c tu re .  However, s ig n i f ic a n t  fea tu re s  are lacking in  both 
sp ec tra ,  lending no support to  the  model p red ic t io n s .
n,OFF, though
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Figure 7 The e f fe c t  of component separa tion . (A) Cross-spectrum
between the onshore progressive components a t  s ta t io n s  7 and 
8. (B) Cross-spectrum between the offshore  progressive
components a t  s ta t io n s  7 and 8.
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C ross-co rre la tion  s ig n a ls  a lso  show a c le a r  separa tion  of onshore 
and offshore  progressive components. For example, Figure 4.8 d isp lays 
c ro s s -c o rre la t io n s  between wave groups and co-located  long waves as 
measured by n^, \0 N ,  and r^OFF. The group-rela ted  s ig n a ls  are  well- 
separa ted , with r^OFF showing the ty p ic a l ly  observed outgoing s ignal (as 
in  Tucker, 1950, see Figure 2.4 h e re ) .  In add ition , the component 
separa tion  r e s u l t s  in  a d i s t in c t  improvement in  c o rre la t io n  magnitude.
F in a lly ,  th a t  the ON/OFF separa tion  has resolved problems with 
determining long wave he igh ts  in  standing waves i s  evident in  Figure 
4.6B in  which the s ig n i f ic a n t  heights of the ON and OFF components do 
not r e f l e c t  the s t ru c tu re  in  t o t a l  nL (Figure 4.6A).
4 .6 .2  C ross-spectra
Using the n^ ON component s e r ie s ,  c ro s s -sp ec tra  a re  re -ca lcu la ted  as 
in  Section 4 .5 .1 . Figure 4.9 shows tha t the r e la t io n  i s  much c le a re r ,  
with a s ig n i f ic a n t  coherence and phase near 180° a t  a l l  but the lowest 
frequencies . The coherence averages about 0 .6 , ind ica ting  th a t  about 
36$ of the variance in  n^ ON i s  predicted  by the  wave group s t ru c tu re .
4.6 .3  C ro ss-co rre la tio n s
C orre la tions  are  now found between Afc and separa te  ON and OFF long 
wave components. As an add itiona l improvement, long waves and Afc are 
both bandpass f i l t e r e d  to  contain low frequency energy r e s t r i c t e d  
between 0.007 and 0.03 Hz. Wave groups with frequencies higher than 
0.03 Hz r e f l e c t  wave to  wave height changes or groups consis ting  of only
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Figure M.8 The e f f e c t  of ON/OFF long wave component separa tion  orr the 
c ro s s -c o r re la t io n  s igna l between co-located  A^. and nL a t  
measurement s ta t io n  6. Top frame shows the c o r re la t io n  with 
t o ta l  while the middle and bottom frames show the 
c o r re la t io n s  with n^ ON and n^OFF re sp ec tiv e ly .
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Figure *J.9 Cross-spectrum between the amplitude time s e r ie s  and the 
onshore component of sea-surface  long waves a t  s ta t io n  5. 
Compare with Figure M.3 in  which the t o t a l  was used.
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one wave. Removal of th i s  band r e s u l t s  in  an improved c ro ss -c o rre la t io n  
s ig n a l ,  possib ly  ind ica ting  th a t  extremely sharp g rad ien ts  in  ra d ia t io n  
s t r e s s  are  somehow averaged in  the su rf  zone and do not generate long 
waves.
However, care  must be used in  narrowing the band of frequencies
used; i f  the  range is  too r e s t r i c t i v e ,  the c ro s s -c o rre la t io n  between the
two s e r ie s  approaches the c ro s s -c o rre la t io n  between two s in  waves,
becoming an unending s e r ie s  of la rge  p o s i t iv e  and negative peaks. At 
#
the same time, n increases , making more of the c ro ss -c o rre la t io n  s ignal 
s ig n i f ic a n t .  Thus a wide enough range of frequencies  must be considered 
to preserve randomness in  the s e r ie s  to  be c o rre la ted .  However, i t  i s  
not known exactly  what the  l im i t s  a re  in  t h i s  type of an a ly s is .
C ross-co rre la tions  between Afc a t  s t a t io n  8 and long wave components 
at 5 s ta t io n s  c loser  to  shore are  presented in  Figure it. 10. The c ross­
co rre la t io n s  here contain  the  same s ig n a ls  as in  Figure it.5, except fo r  
the decomposition in to  onshore and offshore  components and a modified 
frequency band. A la rg e  improvement i s  evident in  terms of both the 
c o rre la t io n  lev e ls  and the a b i l i t y  to  i s o la t e  the superimposed s ig n a ls .
A s trong  BLW-type s ignal i s  present to  the  most shoreward s ta t io n ,  
although i t  i s  modified somewhat to  contain  both negative and po s it iv e  
co rre la t io n s  before shore line  r e f le c t io n .
We can now re tu rn  to  the question asked a t  the end of Section 
4 .5 .2 : how much of the long wave height a t  each s ta t io n  can be
explained by a BLW type association?  To answer t h i s  a search i s  made 
fo r  the  Afc s e r ie s  th a t  can p red ic t  the  most long wave v a r ia t io n  at each 
s ta t io n .  For the onshore component s ta t io n s  5 ,6 ,7 ,8 ,  and 9 show the 
h ighest BLW-type c o rre la t io n s  with co-located  Afc; fo r  s ta t io n s  1 and 3
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Figure 4.10 C ross-corre la tions  between the amplitude time s e r ie s  a t
lo c a t io n  8 and long wave components a t  5 s ta t io n s  c lo se r  to 
shore. Horizontal sca le  i s  the time lag  in  seconds, 
v e r t i c a l  sca le  i s  the c o r re la t io n  c o e f f ic ie n t .  P os it ive  
lags  in d ica te  a leading group s t ru c tu re .  Both and long 
waves have been bandpass f i l t e r e d  to  contain energy only in 
the 0.007 to  0.03 Hz band.
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the h ighest c o r re la t io n s  are  with A. a t s ta t io n s  5. For the offshore 
component the best co rre la t io n s  were always with the group s t ru c tu re  
near the  maximum l im i t  of wave breaking a t  s ta t io n  5. Table 4.1 
summarizes these re la t io n s h ip s .  S ig n if ican t pos i t iv e  values are  also 
observed in  these c ro ss -co rre la t io n s ;  however they never exceed t h e '  
magnitude of the negative c o r re la t io n s .
The amount of long wave variance a t  each s ta t io n  predicted through 
a BLW-type a ssoc ia tion  with wave groups i s  estimated by
°BLW = r  °n^component ’ (***5)
2where a rep resen ts  the variance of the ind ica ted  q uan tity .  Table 4.1
shows th a t  up to  34% of the variance in  the  n^ ON component can be
pred ic ted  by the wave group s t ru c tu re ,  which i s  very s im ila r  to  the 
2coherence leve l in  the corresponding cross-spectrum (Figure 4 .9 ) .
In a d d it io n ,  up to  24$ of the outgoing long wave variance is  
explained by the group s t ru c tu re ,  even though the s p a t i a l  separa tion  of 
c o rre la ted  s ig n a ls  increases a t  each p o s it ion  away from the shore line . 
This adds fu r th e r  support to  the notion th a t  the BLW is  re leased  and 
re f le c te d  as a f r e e  wave.
A crude p ic tu re  of BLW shoaling c h a r a c te r i s t i c s  i s  found by 
converting the predicted BLW variance in to  a wave height measure (see 
Table 4 .1 ) .  Figure 4.11 compares th i s  BLW height with two th e o re t ic a l  
p red ic tions : simple shallow water shoaling from s ta t io n  9 and a BLW
height p red ic tio n  using Equation (2.9) and the measured wave height and 
groupiness a t  each s ta t io n .
74
Table 4.1 Pred ic tions  of BLW height from c ro ss -c o rre la t io n s  between A^. 
and nL components, both in  the  0.007 to  0.03 Hz band.
(A) Component and s ta t io n  lo ca tion  fo r long waves
(B) S ta t io n  lo ca t io n  fo r  Afc
(C) Maximum negative c o r re la t io n  between s ig n a ls  in (A) and 
(B).
(D) Squared value of r  in  (C).
(E) Variance of long wave channel
2(F) r  m ultip l ied  by column (E) to  give the predicted BLW 
variance.
(G) S ig n if ican t  BLW height found from 4(BLW variance)0’^
(A) (B) (C) (D) (E) (F) (G)
Signal lo ca tions  Variance Variance Hs
n Afc r  r 2 nL (m2x103) BLW (m2x103) BLW (m)
9 ON 9 -0.32 0.10 0.12 0.012 0.014
8 ON 8 -0.38 0.14 0.13 0.018 0.017
7 ON 7 -0.51 0.26 0.18 0.047 0.027
6 ON 6 -0.38 0.14 0.20 0.028 0.021
5 ON 5 -0.52 0.27 0.55 0.148 0.049
3 ON 5 -0.59 0.34 0.81 0.275 0.066
1 ON 5 -0.54 0.29 1.01 0.293 0.068
9 OFF 5 -0.25 0.06 0.25 0.015 0.015
8 OFF 5 -0.27 0.07 0.27 0.019 0.017
7 OFF 5 -0.35 0.12 0.28 0.034 0.023
6 OFF 5 -0.34 0.12 0.37 0.032 0.023
5 OFF 5 -0.29 0.08 0.37 0.030 0.022
3 OFF 5 -0.49 0.24 0.54 0.130 0.046
1 OFF 5 -0.43 0.18 0.83 0.149 0.049
A number of po in ts  now become c le a r .  F i r s t ,  even a f t e r  the 
i n i t i a t i o n  of wave breaking inshore of s ta t io n  6 ( r e c a l l  grouplness 
changes in  Figure 4 .1 ) ,  the  observed BLW height i s  increasing  a t  a r a te  
much g rea te r  than simple shoaling . Thus we can r e je c t  the suppositions 
th a t  upon incident wave breaking the BLW is  re leased  as a completely 
f ree  wave, or a c tu a lly  decreases along with wave groupine3s. This 
apparent increase  in  group-forced long waves a f t e r  inc iden t waves have 
begun to  break was a lso  found by Mansard and Barthel (1985)-, who 
observed labora tory  long waves increasing  in  s iz e  even through a 
constant depth zone.
A second point i s  th a t  the  BLW is  c e r ta in ly  not amplified according 
to  theory, as has always been suspected. F in a l ly ,  while the  th e o re t ic a l  
BLW in Figure 4.11 shows a sharp decrease a t the most shoreward s ta t io n  
(la rge  GF decrease outweighs the e f fe c t  of shallower w ater) , the 
measured BLW remains constan t. This i s  fu r th e r  evidence th a t  the BLW 
can be re leased  as a f r e e  wave a f t e r  s ig n i f ic a n t  inc ident wave breaking.
A rap id  shallow water increase  in  the  forced response may explain
the s ize  d ifference  between the incoming and outgoing components (Figure
4.6) in  the  following manner. The onshore component i s  very small
offshore  but increases rap id ly  past s t a t io n  6 as the BLW shoals (a t  a
much la rg e r  r a t e  than l in e a r  shoaling). At some point near the
shore line  th i s  forced wave i s  re leased  and re f le c te d  as a f ree  wave
1 /4which "de-shoals" offshore a t  a r a t e  c lo se r  to  (h i /h j )  . Because much 
of the  wave energy was generated in  shallow water, the  offshore 
component i s  la rg e r  than the  onshore component in  deep water, which 
would explain  why Tucker (1950) only observed a forced response a f t e r  a 
la rge  time la g .  The r e s u l t s  here are  d i f f e re n t  than those given by Guza
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Figure 4.11 Estimated BLW Height (see Table 4.1) and two th e o re t ic a l
p red ic t io n s :  1. shallow water shoaling of the BLW height
1 /4from s ta t io n  9 using (h i /h 2) and 2. approximate BLW 
height p red ic t io n  from Longuet-Higgins and Stewart (1964) 
(Equation 2.9 h e re ) ,  using the  measured wave height and 
groupiness a t each s ta t io n .
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e t  a l .  (1985), In  which the  onshore component was a t  a l l  positions  
la rg e r  than the offshore  component.
4.7 Discussion
Studies of the BLW in  the nearshore have exhib ited  a varying degree 
of evidence fo r  the forced wave response. Guza e t  a l .  (1985) show tha t 
the incoming and outgoing long waves are  c le a r ly  correla ted , to  wave 
groups, but in te re s t in g ly  the  negative sign of the  BLW i s  overshadowed 
by po s it iv e  c o r re la t io n s  within the su rf  zone. Kim (1985) shows 
evidence of an incoming forced response, but l i t t l e  sign th a t  outgoing 
long waves are co rre la ted  to  wave groups. Huntley and Kim (1985) show 
nearshore long waves almost e n t i r e ly  forced by wave groups in  a s teep , 
r e f le c t iv e  beach in  which a separa te  outgoing wave cannot be 
d is tingu ished . The r e s u l t s  presented here a re  th e re fo re  not necessarily  
ty p ic a l ,  but may represent an end member in  the  degree to  which the BLW 
i s  c lea r ly  present in  the  incoming waves, and seems to  be the  source fo r  
a t l e a s t  part of the outgoing waves.
Evidence fo r long wave generation a t  a time-varying breakpoint may 
a lso  e x is t  to  varying degrees throughout these  s tud ies  of group-forced 
waves. However, i t  i s  s t i l l  uncertain  exactly  what kind of re la t io n  
these  waves should show in  c ro s s -c o rre la t io n s  or c ro ss -sp ec tra  with wave 
groups. The labora tory  study of Kostense (1985) showed frequency- 
dependent outgoing waves, but t h i s  was not observed here or in  any other 
f i e l d  study.
C erta in ly  more th e o re t ic a l  work i s  needed to  explain why the forced 
response seems so v a r iab le ,  and under what conditions the  BLW becomes
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energetic  in  the  nearshore, or could be re leased  and re f le c te d  as a free  
wave. The observation of a BLW increase through the zone of wave 
breaking may f ind  an explanation in  a resonant in te ra c t io n  with res idual 
wave groupiness. The model of Symonds e t a l .  (1982) must a lso  be r e ­
examined, with emphasis on possib le  in te ra c t io n s  with group-bound waves, 
and on new methods of evaluating f i e l d  data fo r  th i s  e f fe c t .
^.8 Conclusions
In a s t r i c t  sense, the following applies  only to  the data presented
here:
1. The bounded long wave, as measured by c o rre la t io n  co e f f ic ien ts  
between long waves and the  inc ident wave envelope, accounts fo r  as 
much as one-th ird  of the incoming long wave heigh t. This may be a 
conservative estim ate due to  the d i f f i c u l t i e s  of iden tify ing  the 
forced response in  f i e ld  data .
2. The bounded long wave increases in  s iz e  even through a zone of wave 
breaking. The r a t e  of increase  i s  much la rg e r  than simple shoaling, 
though much sm aller than predicted  by curren t bounded long wave 
theory .
3. The outgoing long wave component shows a s ig n if ic a n t  c o r re la t io n  
with incoming wave groups. The sign and time lag  of t h i s  signal 
supports the idea th a t  the incoming BLW i s  re leased  and re f le c te d  
from the shore line  as a f r e e  long wave.
P osit ive  c o rre la t io n s  between wave groups and long waves were a lso  
observed, although they were generally  weaker than the BLW- 
associated  s ig n a l .  This may give support to  the  breakpoint-forcing 
mechanism of long wave generation , although i t  i s  unclear exactly 
what kind of s ignal i s  c reated  through th i s  model.
C h a p te r  5
GROUP-FORCED LONG WAVE NUMERICAL MODEL
5.1 In troduction  and Rational
F ie ld  and labora tory  observations have now provided some 
ta n ta l iz in g  clues to  the problem of long wave forcing  by incident wave 
groups. I t  i s  c lea r  from Chapter th a t  an inc iden t BLW e x is t s ,  and 
th a t  a BLW-type s ignal am plifies  in  shallow water and i s  re f le c ted  from 
the sh o re l in e .
However, many questions remain. F i r s t ,  although Chapter 4 gives 
perhaps a f i r s t  glance a t  the  shallow water BLW s iz e ,  i t s  po ten tia l  
in frag rav i ty  co n tr ib u tio n  under varying conditions and i t s  importance 
r e l a t i v e  to  breakpoint-forced long waves i s  v i r t u a l ly  unknown. 
Correspondingly, the shallow water m odification of the group-correla ted  
s ignal to  include both p o s i t iv e  and negative values remains a mystery, 
although i t  was speculated in  Chapter *1 th a t  t h i s  r e f l e c t s  the addition  
of breakpoint-forced long waves.
In the absence of va lid  theory , a numerical model i s  developed here 
to  address these  questions. The model i s  designed to  include the  
e f fe c t s  of both the  BLW and breakpoin t-forced  waves, t r e a t in g  a l l
r a d ia t io n  s t r e s s  g rad ien ts  equally  whether in  broken or unbroken waves.
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The model co n s is ts  of two in te ra c t in g  p a r ts :  a shoaling and
breaking wave group model and a long wave model. Analogous to  the model 
of Symonds e t  a l .  (1982), a 3 tead y -s ta te  setup so lu tio n  i s  found f i r s t ,  
and i s  used as a basis  fo r  the  long wave so lu tio n  a t  the group 
frequency.
This chapter begins by describ ing the model components, and 
concludes with a v e r i f i c a t io n  using the f i e l d  r e s u l t s  presented in  
Chapter M. Chapter 6 continues the inves t ig a t io n s  with a s e r ie s  of 
co n tro lled  t e s t s  with varying wave and p ro f i le  conditions .
5.2 Model Components
5.2.1 Inc iden t Waves
In order to  p red ic t  long wave generation  by ra d ia t io n  s t r e s s  
g rad ien ts  in  the  nearshore, i t  was necessary to  develop an incident 
waves model th a t  could provide time s e r ie s  of wave heights  a t a l l  c ross­
shore lo ca t io n s  under the assumptions of normally inc iden t waves and a 
2-dimensional topography. Because the  inc ident wave heights  are assumed 
to  vary as a func tion  of time and the  r e s u l t in g  group s t ru c tu re  must be 
represented through the regions of shoaling and breaking, steady s t a t e  
or p ro b ab il i ty  d i s t r ib u t io n  transform ation  models a re  not useful in  th is  
s tudy. Thus the many previous approaches, including those of B attjes  
and Janssen (1978), Thornton and Guza (1983), Dally et a l .  (1985), and 
Ebersole et a l .  (1986), could not be adopted here .
The present approach begins with the  offshore  input of a wave 
height time s e r ie s ,  such as 2Afc, or a more s im p l is t ic  function  based on
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the beating of two sinuso ids . This wave group s t ru c tu re  then moves 
across an a rb i t ra ry  p r o f i l e ,  with shoaling and breaking occurring a t 
appropria te  water depths fo r  indiv idual wave he ig h ts .  The wave height 
a t  every g r id  point and fo r  each time s tep  i s  then a function  of 
shoaling or a breaking c r i t e r io n  from the next g rid  point seaward.
I t  was found th a t  a f ixed  d is tance s te p ,  such as commonly used in 
models p red ic ting  s te a d y -s ta te  wave height transform ations, was 
inadequate to  preserve the form of the group s t ru c tu re  as i.t progresses 
landward. This is  because the  d is tance  trave led  in  the time s tep ,  At, 
w ill  not equal the d is tance  s tep ,  Ax, over a p r o f i l e  with varying depth. 
In t h i s  case, moving the wave group s t ru c tu re  through the su rf  zone 
requ ire s  continual in te rp o la t io n  of wave heigh ts  onto the  fixed  s e t  of 
c ross-shore  g r id  lo c a t io n s .  The r e s u l t  i s  a considerable amount of wave 
height d ispersion , with a progressive lo s s  of group s t ru c tu re  toward the 
sho re line .
To avoid th i s  problem, a f lo a t in g  g r id  scheme was devised such th a t  
Ax w ill  always exactly  equal the d istance trave led  by a wave over the 
sloping bed in  the time s te p ,  At. At each time s tep  the s e t  of grid  
point lo ca t io n s  i s  a lso  permitted to  vary i f  changes in  sea-surface  
le v e l ,  n, are  incorporated in to  the water depth. Thus i f  a previous se t  
of grid  points i s  defined by x , ,  h lf x2, h 2 as in  Figure 5 .1 , then for 
shallow water At may be equated to  the t ra v e l  time from x2 to  a new x x 
lo ca t io n ,  denoted by X j ':
At -  ( g {h2 + (x 2-x)tans} ) 1/2 dx , (5.1)x2
where the term in  b rackets  i s  the water depth over the  sloping bed and
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Figure 5.1 Incident waves model: d e f in i t io n  diagram fo r  finding a new
grid  p o in t,  x , 1, based on the  shallow water t ra v e l  time from 
x2 w ithin  the time s te p ,  At.
A T
t a n g  i s  d e f i n e d  a s
tanB = ( h , - h 2) /  |x , - x 2 | , ( 5 .2 )
which may be p o s i t iv e  or negative, x , '  i s  then found from (5.1) as
Because (5.3) i s  unbounded when tang approaches zero (such as over a 
b a r ) ,  a c r i t e r i a  i s  employed such th a t  when tang < 0.001,
which r e s u l t s  in  n eg lig ib le  e rro r  s ince  the bed i s  near h o rizon ta l .
This procedure fo r  lo ca t in g  new grid  po in ts  rap id ly  re -a d ju s ts  an 
i n i t i a l l y  constant Ax g r id  so th a t  the d is tance  between a l l  g rid  points 
rep resen ts  the shallow water t r a v e l  d is tance  in  At. Depending on the 
choice of At and the i n i t i a l  Ax, t h i s  may r e s u l t  in  an increase  or 
decrease in  the  number of g rid  p o in ts .  Conveniently, the procedure 
produces a constant g rid  spacing on the seaward end f i r s t ,  where the 
wave he igh ts  ,en te r  the  system.
The b en e f i t  of a f lo a t in g  g r id  system i s  demonstrated in  Figure 
5 .2 ,  in  which a comparison i s  made with a f ixed  grid  model. Both 
demonstrate the progression of a wave height jump from 0 to  1 m a f te r  10 
seconds t r a v e l  time over a ho rizon ta l bed. The f lo a t in g  g rid  version 
obviously does a much b e t te r  job of preserving the  form of the s tep ,  
which w il l  not change as a func tion  of t ra v e l  time or At. In the f ixed
x i '  ■ x 2 + { h 2 “ (tangAt/g/2 + / h 2)2 } /  tang . (5.3)
x, = x 2 -  At/gh2, (5.1J)
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Figure 5.2 Comparison between (A) f ixed  and (B) f lo a t in g  g r id  incident 
waves model. Both show the progression of a 1 m wave height 
jump across a horizon ta l bed a f t e r  a t o t a l  of 10 seconds.
The form of the wave height jump is  unchanged in  the 
f lo a t in g  g rid  model, while a progressive a r t i f i c i a l  
smoothing r e s u l t s  from the  f ixed  grid  model.
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g rid  version  the  wave height d ispersion  continues to  worsen toward 
shore.
With a gridding system as described above, wave groups in  the su rf  
zone may be modeled by defin ing  the  wave height a t each pos ition  as a 
func tion  of shoaling or breaking of the wave height from the next grid  
lo c a t io n  seaward. Here the wave height a t  x, i s  found as
H = minimum { H (h2/ h ! ) 1/I<, Ylh } , . (5.5)
X j  X 2
where Y i s  the breaking wave height to  depth r a t i o .  Equation (5.5) i s  
thus a r a th e r  s im p l is t ic  approximation of the  n a tu ra l  s i tu a t io n ,  
including the assumptions of l in e a r  shoaling , a constant breaker height 
c r i t e r i a ,  and the absence of r e f r a c t io n ,  d i f f r a c t io n ,  or f r i c t i o n a l  
d is s ip a t io n .  Although a l l  of these assumptions are  in  the s t r i c t e s t  
sense in v a l id ,  the re  i s  ample evidence to  suggest th a t  the approximation 
given by (5.5) i s  adequate fo r  the present s tudy. For example, in  a 
labora to ry  study of ra d ia t io n  s t r e s s  g rad ien ts  in  the  nearshore, S tive  
and Wind (1982) compare the measured ra d ia t io n  s t r e s s  across a shoaling 
and breaking region with two non-linear th eo r ie s  (Cokelet, 1977, and 
James, 1974), and l in e a r  theory following (5 .5 ) .  Depending on the 
choice of Y, S tive  and Wind found th a t  l in e a r  theory f i t s  the 
observations equally  as well as non-linear th e o r ie s .  Further support is  
presented in  Section 5 .4 .3 ,  in  which wave height s t a t i s t i c s  are well 
p red ic ted  by model da ta . Therefore, i t  was judged th a t  the  s l ig h t  
improvement p o te n t ia l ly  provided by higher order theories  would not 
outweigh the b en e f i ts  of a s im p lif ied  approach.
Figure 5.3 i s  an example of pred ic ted  instantaneous wave heights
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Figure 5.3 Incident waves model p red ic tions  of the cross-shore  wave 
height p ro f i le  a t  times separated by 1/4 the group period. 
Fully  modulated wave groups, varying between 0 and 2 m, are  
input a t  x-250 m and allowed to  progress over the p ro f i le  
shown with Y=1.0. The e f fe c t s  of both shoaling and breaking 
are  presen t. The input wave group period i s  T=50 seconds 
with heights given by H oirr. = 2.0 sin(ui t )  m.X“OU g
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across the  nearshore with f u l l y  modulated waves input a t  x»250 m. The 
s e r ie s  of p lo ts  show th a t  ra d ia t io n  s t r e s s  g rad ien ts  associated  with 
inc ident wave groupiness progress shoreward and a re  not completely lo s t  
even a t the sh o re l in e .  Thus breaking and non-breaking wave height 
grad ien ts  are  s p a t i a l ly  inseparab le , underscoring the  need fo r  a long 
wave model th a t  can account fo r  both breakpoint-forced and bounded long 
waves in  the  su rf  zone.
5 .2 .2  Equations of Continuity  and Momentum
Following Symonds et a l .  (1982), the equations modeled here a re  the 
dep th -in teg ra ted , l in e a r iz e d  shallow water equations of con tinu ity  and 
momentum given by,
3q/9t + 3(hu)/3x - 0. (5.6)
3u/3t + g 3n/3x = -(1 /ph) 3sxx/3x , (5.7)
where u and n a re  the  long wave cu rren ts  and sea-surface  re sp ec tiv e ly .  
The cross-shore  ra d ia t io n  s t r e s s ,  Sxx, i s  found a f t e r  Longuet-Higgins 
and Stewart (1964) as
Sxx = (3/l6)pgH2 , (5.8)
where shallow water and l i n e a r i t y  a re  assumed. S tive  and Wind (1982) 
again provide evidence th a t  the  l in e a r  wave assumption works as well as 
non-linear th e o r ie s ;  setup pred ic ted  using (5 .8) agrees q u ite  well with
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measurements. The e a r l i e r  study of Bowen e t  a l .  (1968) a lso  
su b s ta n t ia te s  the use of (5 .8 ) ,  although some overpredictions a t the 
breakpoint were observed.
Equations (5.6) and (5.7) a re  modeled using an e x p l ic i t  f i n i t e  
d iffe rence  scheme with a staggered g rid  as shown in  Figure 5 .4 . A 
s ta b le  so lu t io n  i s  found as
T1i +1 “ ni ~ ^ t /A x )  (hu" -  hu”_ i)
n+1 n /,*./. s r n+1 n+1.u i _1 “ ui _1 -  g(At/Ax) (n i  “ Hj..,)
-  (At/phAx) (Sxx" -  Sxx"_^ (5.9)
where n rep resen ts  the time s tep ,  i i s  the d is tance  node, and the water 
depth h may include the e f fe c t  of n. Note th a t  t h i s  scheme i s  semi- 
im p lic i t  in  th a t  u i s  ca lcu la ted  using n a t the curren t time s tep .  
However, c a lc u la t io n  of n f i r s t ,  using u a t  the previous time s tep , 
allows th i s  to  remain an e s s e n t ia l ly  e x p l i c i t  scheme. Unlike the 
incident waves model, Ax i s  constant here . Predicted incident wave 
heigh ts  are th e re fo re  re -gridded  a t each time s tep  to  provide the 
r a d ia t io n  s t r e s s  a t each of the n nodes in  Figure 5 .4 .
Equation (5 .9 ) i s  sub jec t to  the  Courant condition  in  which 
s t a b i l i t y  i s  ensured with
Ax/At > /gh , (5.10)
where /gh  represen ts  the shallow water, l in e a r  phase speed. Numerical 
d ispers ion  i s  a lso  a concern here. Following Roache (1972) the
Figure 5.4 Long waves model: staggered g r id  scheme, x i s  defined
p o s i t iv e  offshore .
S x x , S xx, ^**3 SxXlMAX-2 ^ U lA X - l  ^ iM A X
^ 3  \M A X -2  V(MAX-1 ^LMAX
Uq —O
n u m e r ic a l  d i s p e r s i o n  i s  fo u n d  u s i n g  H i r t ' s  s t a b i l i t y  a n a l y s i s  a s
(ghAt/2) 32u/9x2 (5 ,1 1 )
(Ceroo, pers . comm.), which can be shown to  have the u n its  of kinematic
small in  the case of long waves. This may be conveniently te s ted  by 
varying At and observing the e f fe c t  on the so lu t io n .  In t h i s  study i t  
was found th a t  la rge  At v a r ia t io n s  had l i t t l e  e f fe c t  on the  r e s u l t s ,  
in d ica t in g  th a t  the  numerical d ispersion  was n e g l ig ib le .
F in a l ly ,  two boundary conditions are requ ired  in  (5 .9 ) .  At the 
sh o re l in e ,  long wave r e f le c t io n  occurs a t  some pre-determined water 
depth minimum measured a t  an n node. This condition  was used to  avoid 
s t a b i l i t y  and con tinu ity  problems with a con tinua lly  moving boundary. 
Although Reid and Bodine (1968) have proposed a moving-boundary scheme 
in  a numerical model and C arr ie r  and Greenspan (1958) have th e o re t ic a l ly  
derived expressions fo r wave motion over a s loping bed, the condition
has been used here fo r  s im p lic i ty .  For r e l a t iv e ly  steep boundaries such 
as the  foreshore  t h i s  i s  a reasonable approximation, and has precedence 
in  numerous previous s tu d ie s ,  including Dube e t  a l .  (1985), Vemulakonda 
e t  a l . ,  (1988), Kim and Wright (1988), and many o th e rs .
The second boundary condition  i s  n a t  the open end, fo r  which two 
requirements must be s a t i s f i e d .  F i r s t ,  the re  must be an incoming 
bounded long wave as a function of the input group s t ru c tu re .  Secondly,
2 2v isco s i ty .  Equation (5.11) i s  expected to  be small since 9 u/9x is
(5.12)
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any long waves rad ia ted  seaward from the  su rf  zone must f r e e ly  pass 
through the boundary without r e f le c t io n .  Several previous methods were 
considered but re je c te d .  F i r s t ,  an extension of the  open boundary to  
deep water such th a t  3n/3x=0 would in v a l id a te  the  shallow water 
assumptions of the equations of motion used here. Furthermore, an 
extension to  deep water would requ ire  a non-linear random waves model 
which could p red ic t group reform ation in  deep water. In the  present 
study the form of 2A^, as input to  the  model, i s  assumed to  be constant 
fo r  the  case of shallow water.
Another commonly used technique i s  to  s e t  the open boundary n to  
some pre-determined v a r ia t io n ;  in  the present case th i s  would be the  
BLW. However, t h i s  r e s u l t s  in  t o t a l  r e f le c t io n  of outgoing components, 
which i s  a physica lly  u n r e a l i s t i c  condition .
To s a t i s f y  both boundary requirements a scheme was devised to  
i s o la te  the outgoing wave a t  the  boundary, which i s  then added to  the 
incoming BLW to  give the t o t a l  boundary cond ition . The two q g r id  
poin ts  shoreward of the boundary, himax_  ^ and h^max_2» are  decomposed 
in to  the  shoreward and seaward components using the  method described in  
Section 4 .6 .1 . For the  case of model generated data and shallow water 
groups th i s  separa tion  works extremely w ell, without the  problems 
assoc ia ted  with f i e l d  da ta . The outgoing component a t  the  boundary i s  
ex trapo la ted  a t each time s tep  as
" l8 f£  -  ”lSK-1 * '" lS K -1  -  nim ax-2 > • ( 5 - ’ 3 >
The to t a l  boundary n i s  then found as
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< 5.14)
This method i s  s im ila r  in  concept to  the "matched impedance condition" 
(Shaw, 1970, Vemulakonda e t  a l . ,  1988) in  which re f le c t io n  i s  suppressed 
a t  the boundary when
However, t h i s  i s  extended here to  include the add ition  of an incoming 
wave.
The proposed scheme r e s u l t s  in  only an extremely small re f le c t io n  
from the open boundary, which w ill be shown to  be qu ite  to le ra b le  in  a 
s e n s i t iv i ty  an a ly s is  in  Section 6 .3 . By using a higher order 
ex trap o la t io n  an even smaller r e f le c t io n  may be p o ss ib le ,  but was not 
attempted here .
5 .3  Model Run Modes
5.3.1 Setup
As mentioned in  the in tro d u c tio n ,  a setup so lu tio n  i s  found f i r s t ,  
providing a mean water le v e l  and wave height p ro f i l e  to  the  long waves 
model. There are two major reasons for t h i s  separa tion  in to  steady- 
s t a t e  and f lu c tu a t in g  so lu tio n s .  F i r s t ,  sho re line  setup may r e s u l t  in  a 
s ig n i f ic a n t  s h i f t  in  the  x d is tance  of the minimum depth c r i t e r i a .  The 
setup s o lu t io n  is  th e re fo re  designed to  allow fo r  a moving boundary, 
which i s  much eas ie r  to  handle than in  the long waves so lu t io n .
3n/3t = -c  3n/3x (5.15)
94
Furthermore, th i s  scheme follows the a n a ly t ic a l  procedure in  Symonds et 
a l .  (1982), allowing fo r  a d ire c t  comparison between the models (Section 
6. 2 . 2 ).
To f in d  the setup so lu t io n ,  a constant wave he igh t, 2A., i s  inputU
a t the seaward boundary. After a s u f f ic ie n t  time fo r  s t a b i l i z a t io n ,  the 
steady s t a t e  wave height and setup/setdown p r o f i l e  r e s u l t s ,  with u 
approaching zero a t  a l l  p o in ts .  The sh o re l in e  r e f le c t io n  point i s  
allowed to  migrate landward as the setup inc reases . In add ition , water 
depths in  the  inc ident waves model are  in te ra c t iv e  with the evolving 
setup and setdown.
Figure 5.5 shows a ty p ica l  c a lc u la t io n  of setup and s te a d y -s ta te  
wave height over a l in e a r  p r o f i l e .  Although the model works equally  
well over i r r e g u la r  and even bar-trough p ro f i l e s ,  the l in e a r  case shown 
here can be te s te d  d i re c t ly  aga ins t  the  setup p red ic t io n  of Bowen e t a l .  
(1968):
dn/dx = -(1 + 2.67Y-2 ) ' 1 tanB . (5.15)
For a l in e a r  p r o f i l e  th i s  can be w ri t ten  as
An, v -  -(1 + 2.67Y-2 )” 1 tang Ax (5.16)
X  1 »x 2
within the breaking waves zone. In Figure 5.5 the  change in  sea-surface  
e lev a tio n  from the point of maximum setdown to  the sh o re lin e  i s  An=0.260 
m; Equation (5.16) gives An=0.262 m, demonstrating th a t  the model 
proposed here i s  in  ex ce llen t agreement with Bowen e t a l .
The wave height and setup p ro f i le s  are  used as the mean conditions
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Figure 5.5 Example of setup so lu tio n  using the long wave equations of 
motion taken to  the  s te a d y -s ta te .  Input waves at x=360 m: 
T=15 sec , H=0.8 m. tanB-0.025, Y-0.7.
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about which the  wave groups and long waves vary. That the mean setup 
r e s u l t s  from the mean wave height i s  evident from t e s t  runs-and i s  
p redic ted  from (5 .16 ) ,  in  which the  setup varies  as a l in e a r  function  of 
the su rf  zone width, Ax, which in  tu rn  i s  l in e a r ly  re la te d  to  the 
inc iden t wave height.
5 .3 .2  Long Waves
To generate long waves, a time-varying wave height en ters  the model 
with the  setup so lu tion  as an i n i t i a l  condition . For each run, the  mean 
of the wave height time s e r ie s  must be the constant value used in  the 
setup so lu t io n .  The water depths in  the  long waves model are the 
p ro f i l e  depths plus the setup (or setdown) so lu tio n .
Radiation s t r e s s  i s  found as the  d iffe rence  between the 
instantaneous and steady s t a t e  values a t  each locations
The magnitude of Sxx i s  unimportant here; only Sxx grad ien ts  a f fe c t  the 
fo rc ing  term,
SxxJ -  (3/16) pS [ (H j)2 -  (H”0nSV  ]const»2 (5.17)
(At/phAx) (SxxJ1 -  Sxx^_1) . ( 5 . 18)
Radiation s t r e s s  g rad ien ts  in  broken and unbroken waves are t re a ted  
equally  in  th i s  chapter.
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The input BLW can be s e t  equal to  zero, an a rb i t r a ry  f a c to r  times 
the wave height squared, or the th e o re t ic a l  p red ic tion  of Longuet- 
Higgins and Stewart (1964) or Ottesen Hansen e t a l .  (1981).
Figures 5.6 and 5.7 give examples of the s te a d y -s ta te  wave height, 
instantaneous wave h e igh t,  fo rcing  term, sea -su rface  e leva tion  and 
cross-shore  current fo r  an input wave height time s e r ie s  with GF-0.5, 
and the setup so lu t io n  in  Figure 5 .5 . Because in  shallow water the 
th e o re t ic a l  p red ic tio n s  of BLW height are  in v a l id ,  the boundary BLW 
value i s  taken as
K m a x  '  -BLWFACT I (HL , x>2 * (C ,)2  1 •
with BLWFACT=0.02. This provides a small input BLW roughly following 
f i e l d  observations. Figure 5.6 is  a t  t»240.0 s e c . ,  showing a maximum- 
su rf  zone width, while Figure 5.7 i s  a t  t=285 s e c . ,  showing a minimum 
su r f  zone width.
5.3*3 Non-linear E ffec ts
As mentioned above, n v a r ia t io n s  due to  long waves may be included 
in  the water depths used to  f ind  inc iden t waves heights  as well as n 
i t s e l f .  In the  l a t e r  case , however, the  small amplitude assumptions of 
l in e a r  wave theory a re  v io la ted  i f  n/h i s  not sm all. For the case of a 
la rg e  amplitude long wave trav e lin g  over a shallow bed, the model 
generates bores. Since non-linear e f fe c ts  such as these  a re  not within 
the scope of th i s  s tudy, the  model runs presented below e i th e r  have 
waves small enough th a t  non-linear e f fe c ts  are minor, or d i re c t ly
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Figure 5.6 Long wave generation by incident wave groupiness, using the
setup so lu tio n  shown in  Figure 5 .5 . Incident waves defined
by H”raax= 0*8 + 0. s in [  (2ir/Tg)nAt] m. The input BLW height
i s  found using (5.19) with BLWFACT-0.02. Y=0.7, T -61.6S
s e c . ,  and t=2H0 sec.
(A) Constant and f lu c tu a t in g  wave height p ro f i l e s .
(B) The fo rcing  terra, given by (5.17) and (5 .18 ) .
(C) Instantaneous sea-su rface  and curren t across the 
nearshore (u defined as p o s i t iv e  o ffsho re ) .
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Figure 5.7 Same as Figure 5.6 except t=285 sec.
Tg -  61. 6 s. . t «= 285 . 0 a.
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suppress the inc lu s ion  of n in  depth ca lc u la t io n s .  Use of th i s  small 
amplitude assumption has precedence in  numerous s tu d ie s ,  including 
Holman and Bowen (1979), and Symonds et a l .  (1982).
5.4 Model V e r if ic a t io n
5.4.1 In troduction
A typ ica l  modeling procedure i s  to  begin with the s im p lif ied  case 
and b u ild  upwards to  the  n a tu ra l  s i tu a t io n .  Here, however, the  model is  
f i r s t  run to  match the f i e l d  s i tu a t io n ,  perm itting  a v e r i f ic a t io n  with 
the  observations presented in  Chapter 4.
5 .4 .2  Model Parameters
The following i s  a l i s t  of the model parameters tha t  are adjusted 
to  match the f i e l d  observations.
1. A f i l t e r  c u to f f s .  Wave heights  a re  input to  the  model as the se r ie sv
2Afc, which i s  measured from f i e l d  data a t  the most seaward s ta t io n
shown in  Figure 5 .8 . These wave heights then progress over the
n a tu ra l  topography. However, the degree of long wave forcing  turns
out to  be c r i t i c a l l y  dependent on the f i l t e r  cu to ff  used in
constructing  Afc. S p e c if ic a l ly ,  i f  wave to  wave v a r ia t io n s  in  height 
are  permitted in  A^ ., unreasonably large  long waves are  generated by
the very steep Sxx g rad ien ts .  In Section 4.6 .3  we saw th a t  the
group/long wave c o r re la t io n  was improved by removing the >0.03 Hz 
band from conside ra tion , thus lending some support, to  the supposition
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th a t  very sh o rt  groups a re  not fo rc ing  long waves. However, the 
cu to ff  between groups th a t  force long waves and those th a t  a re  too 
sho rt  i s  chosen a r b i t r a r i l y  in  l i e u  of theory pe rta in ing  to  th i s  
"short groups" problem. The s e r ie s  A used here i s  r e s t r i c t e d  as inw
the observations presented in  Section 4 .6 .3 , containing variance only 
in  the 0.007 to  0.03 Hz band.
2. Input BLW s iz e .  Since the water depth a t  s ta t io n  9 (Figure 5.8) i s
too shallow to  use th e o re t ic a l  p red ic t io n s ,  the BLW s iz e  i s  matched
to  the  f i e l d  observations . With BLWFACT=0.032 in (5 .19), Hs._ =0.014blw
m, which i s  the f i e l d  observed s iz e  of the BLW from Table 4.1.
3. Y. The wave height to  depth r a t i o  used here i s  0 .4 , which i s  the
l im it in g  r a t i o  fo r  ind iv idual wave heights  in  the breaking waves
model. Although McGowan (1891) showed th e o re t ic a l ly  th a t  Y=0.78 fo r
a s o l i t a r y  wave and o thers  have found a s im ila r  Y in  labora to ry  data
(e .g .  Bowen et a l . ,  1968, Y=1.0), the re  i s  ample evidence th a t  the
f i e l d  Y i s  much lower. For example, Wright et a l .  (1982) and
Sallenger and Holman (1985B) observe Y =0.4. I f  wave heightrms
s t a t i s t i c s  a re  reasonably well pred ic ted  by the  Rayleigh d i s t r ib u t io n  
(as was shown in  Section 3 .2 .3 ) ,  then Yrms=0.4 (using Hrms) p red ic ts  
Y=0.35 (using the  mean wave height and the r e la t io n  H=0.886Hrms). 
Additional observations of ind iv idual breaking wave heights  in  sea- 
surface  time s e r ie s  a lso  support such a low Y.
4. Point of r e f le c t io n .  Shoreline r e f le c t io n  was assumed a t h=0.63 m, 
which in  on the  seaward s ide  of the steep foreshore pa rt  of the 
p r o f i l e  shown in  Figure 5 .8.
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Figure 5.8 Incident wave parameters GF, o. , and Hrms fo r  model- *
At
generated and f i e ld  da ta .  The model Hrms i s  found from 
Hrms=2At /0.886 (see Section 3 .2 .3 ) .  The f i e l d  data Hrms i s  
found from sp ec tra l  variance.
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5 .^ .3  Cross-shore Wave S t a t i s t i c s
Figure 5.8 compares model p redicted  and observed incident wave 
parameters across the  nearshore p ro f i l e .  The overa ll  f i t  i s  ex ce llen t ,  
although the breaking wave height i s  s l ig h t ly  overpredic ted . Note tha t 
the  f i e ld  observation of a grouplness decrease before an o vera ll  wave 
height decay i s  a lso  observed in  model da ta .
Model predicted long wave heights are compared to  f i e ld  
observations in  Figure 5.9 fo r  the onshore component of n, . The model
L i
h e ig h ts ,  which represen t long waves generated exclusively  by wave 
groups, are up to  86% of the f i e l d  observations, which presumably 
include other modes of long waves such as edge wave. However, the 
problems associated  with the  f i e l d  data component separa tion  (Section 
4 .6 .1 ) ,  make a q u an t i ta t iv e  comparison uncerta in .
5 .4 .4  C ro ss-co rre la t io n  Signals
Model generated long wave data a t  each s ta t io n  are  t re a te d  exactly  
l i k e  f i e l d  data  in  c a lc u la t in g  the c ro ss -c o rre la t io n  between wave groups 
and long waves. Figure 5.10 compares the model-generated and observed 
s igna ls  between Afc a t  s ta t io n  8 and the ON and OFF components a t 5 
s ta t io n s  c loser  to  shore. The s im i la r i ty  i s  c le a r ly  ex ce l le n t ,  although 
the magnitude of model s ig n a ls  i s  n a tu ra l ly  much la rg e r .
All major fe a tu re s  of the observed s ig n a ls  a re  well represented in  
the  model data . F i r s t ,  the g roup-correla ted  s ignal modifies from a 
s in g le  negative peak offshore  to  the c la s s ic  p o s i t iv e /n eg a tiv e  form near 
the  sho re line . Secondly, the  s ignal i s  r e f le c te d  from the shore line ,
Figure 5.9 Comparison between model predicted  n^ ON and f i e l d  observed 
nL0N. Both a re  within the 0.007 to  0.03 Hz band.
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Figure 5. 10 The a b i l i t y  of model-generated.data to  p red ic t c ross­
c o r re la t io n  s ig n a ls .  All Afc and s e r ie s  a re  l im ited  to
0.007 to  0.03 Hz. Solid  dots give the model-predicted wave 
group t r a v e l  time. C ro ss-co rre la tio n s  are between A at 
s t a t io n  8 and the components of a t  6 s ta t io n s  c loser to  
shore.
\ 0 N  At  A T  ( 8 )  rnL QFF A± A T  (§ )
0.6n
200
©
©
 MODEL
  OBSERVATIONS
•  GROUP TRAVEL TIME (MODEL)
106
appearing a t  progressively  g rea te r  time lag s  in  the  outgoing s ig n a l .  
F in a lly ,  the re  i s  a progressive phase s h i f t  between Afc and the BLW 
signal toward shore.
To get an in s ig h t  in to  the source of these  s ig n a ls ,  synchronous 
time s e r ie s  of model-generated data are presented in  Figure 5.11 a t 10 
c ross-shore  lo c a t io n s .  The s t ru c tu re  (input a t  s ta t io n  9) i s  subject 
to  i n i t i a l  breaking a t  s t a t io n  5 (some of the A^. peaks are t runca ted ) ,  
and only r e f l e c t s  n- induced water depth v a r ia t io n s  by s t a t io n  0. n, ON
displays the input BLW a t  s ta t io n  9, but then undergoes some rad ica l
/
changes as i t  progresses shoreward. Even before in c ip ie n t  breaking at 
s ta t io n  5, the  BLW assumes an asymmetrical form with a r i s e  in  water 
lev e l  ahead of la rge  wave groups and the expected setdown lagging behind 
the group maximum. No cu rren t theory can p red ic t  th i s  shallow water BLW 
behavior.
After s ig n if ic a n t  wave breaking inshore of s ta t io n  long waves 
generated a t  a time-varying breakpoint are presumably added to  n^ON. 
However, the s ignal here appears simply to  be the shoreward progression 
of a modified BLW a f te r  gradual re le a se  from wave groups. Therefore, 
e i th e r  the breakpoint-forced long waves are  small, or they a re  added to  
the BLW near quadrature (90° out of phase). This question w ill  be 
addressed in  the  next chapter.
5.5 Conclusions
A numerical model p red ic ting  group-forced long waves in  the 
nearshore i s  constructed in  th ree  p a r ts :  an inc iden t waves model, a
setup so lu t io n ,  and a long waves so lu t io n .
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Figure 5.11 Time s e r ie s  of model-generated A. and n, ON data  a t  the 10
U  L i
cross-shore  lo ca t io n s  shown in  Figure 5.8. Scale fo r  A is  
shown in  the upper l e f t .  Numbers along the  le f t-h an d  column 
give the s te a d y -s ta te  wave amplitude about which each Afc 
s e r ie s  v a r ie s .  Scale fo r  n^ ON i s  shown a t  the lower r ig h t .
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The model i s  v e r i f ie d  with f i e ld  observations and the wave 
group/long wave c o r re la t io n  s ignal f i r s t  observed by Tucker (1950) i s  
found to  be well p red ic ted . Examination of model time s e r ie s  shows th a t  
th is  s ignal can be explained by the fundamental m odification of BLW 
dynamics in  shallow water, before the p o te n t ia l  ad d ition  of breakpoint- 
forced waves.
C h ap te r  6
MODEL INVESTIGATIONS: MONOCHROMATIC GROUPS
6.1 In troduction
In th i s  chapter a s e r ie s  of t e s t s  examines the re la t io n sh ip  between 
the  magnitude of group-forced long waves and various incident wave and 
topographical parameters. An extension to  in term ediate  depth water 
permits the use of th e o re t ic a l  BLW p red ic tio n s  w ithin  groups formed by 
two beating s inuso ids .
A method i s  introduced by which the  con tribu tions  of the BLW and 
breakpoin t-forced  long waves may be separated . This permits an 
examination of the r e l a t iv e  magnitudes and phase r e la t io n s  between the 
two modes of long wave forcing.
6.2 Model Extensions
6.2.1 Extension to  Deeper Water
In the  previous chapter shallow water was assumed with c=c =/gh,S
re s u l t in g  in  a constant wave groups s t ru c tu re  u n t i l  breaking. An 
observed BLW s ize  provided the  input condition  a t  a depth where theory 
i s  in v a l id .  This chapter in v es t ig a te s  the re la t io n sh ip  between long 
wave height and v a riab les  such as the group frequency and groupiness,
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req u ir in g  a th e o re t ic a l  boundary p red ic tion  under a wide v a r ie ty  of 
conditions . Thus the model uses an outside boundary in  deeper water 
where theory has some r e l i a b i l i t y .  Because the  shallow water assumption 
no longer applies  to  the inc iden t waves (although i t  i s  s t i l l  v a lid  fo r 
long waves), only simple groups composed of two beating sinusoids can be 
assumed to  maintain a constant group s t ru c tu re  while progressing 
landward.
The model i s  constructed with a l in e a r  p r o f i l e  out to.h=15 m (see 
Figure 6.12C). The group s t ru c tu re  progresses landward a t the group 
speed given by
c -  (g tanh(kh)/k )1^2 [1 + (2kh)/s inh(2kh)]. (6.1)
6
The inc iden t waves d is tance  s tep  is  given by
x. ■ x , - Ate (6.2)g
u n t i l  the phase and group speeds meet the c r i t e r i a ,
(c -  c ) /  c < 0.05 , (6.3)g g
a t  which point the model re v e r ts  to  the shallow water mode described in 
Chapter 5.
Until (6.3) i s  t ru e ,  Sxx i s  given by
Sxx = (1/8) pgH2 [ (2kh/sinh(2kh) + 1 / 2 ]  , ( 6 . H )
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a f t e r  which the  shallow water approximation i s  used.
The input bounded long wave a t h»15 m i s  given by Ottesen Hansen et 
a l .  (1981, Equation 2.11 h ere ) .  Although the formulation of Longuet- 
Higgins and Stewart (196M) gives nearly equivalent r e s u l t s  (as shown in 
Section 2 .1 .1 ) ,  use of the  Ottesen Hansen e t  a l .  equation has precedence 
in  the  labora to ry  s tud ies  of Mansard and Barthel (1985) and Kostense 
(1985).
Throughout the r e s u l t s  presented below, Equation (2.11) gives a BLW 
amplitude of 0(0.01 m). Although there  i s  a very s l ig h t  group frequency 
dependence, t h i s  low magnitude BLW is  almost n eg lig ib le  compared to  the 
much la rg e r  long waves generated in  shallower water, and w ill not be 
considered fu r th e r  in  the  r e s u l t s  presented below.
A p o ten tia l  problem in  the  model extension to  deeper water a r is e s  
from the component separa tion  (Equation 4.H) used to  construct the to ta l  
open boundary condition (Section 5 .2 .2 ) :  th i s  technique s t r i c t l y
applies  only to  f ree  long waves. In Chapter 5 t h i s  c r i t e r io n  was 
s a t i s f i e d  because groups were assumed to be in  shallow water where the 
bounded long wave s a t i s f i e s  the d ispersion  r e la t io n  fo r  a f r e e  long 
wave. In  th i s  chap ter, groups a re  in deeper water and the bounded long 
wave w il l  not exactly  follow the shallow water d ispersion  r e la t io n  u n t i l  
the  c r i t e r i a  (6 .3) i s  reached. However, th i s  problem was judged to be 
small since t e s t s  showed th a t  the open boundary condition  was very 
e f fe c t iv e  a t  suppressing re f le c t io n s  (see Section 6.3 below).
6 . 2 . 2  S e p a r a t i o n  o f  F o rc in g  Modes
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In order to  assess the r e l a t i v e  con tribu tions  from the time-varying 
breakpoint and bounded long wave models, a fo rc ing  separa tion  scheme was 
devised. In Figures 5.6 and 5.7 the fo rcing  regions a t t r ib u te d  to  the 
breakpoint-forced (BF) and BLW models are de lineated  by v e r t ic a l  l in e s .  
Note th a t  the BF region follows the zone of breaking waves, whether in  
the s te a d y -s ta te  or time-varying so lu t io n .  The model i s  run in  BF mode 
by zeroing the  fo rc ing  term (Equation 5.18) outs ide  the BF zone, which 
must be defined a t  each time s tep .  Also, th e re  i s  no incoming BLW at 
the  open boundary. A lte rn a te ly ,  the  model i s  run in BLW mode by zeroing 
the fo rc ing  term within the BF zone, and including an input BLW.
The breakpoint forcing  used here has a form very s im ila r  to  the 
a n a ly t ic a l  function  of Symonds e t a l .  (1982), with a p o s i t iv e  peak 
seaward of the  mean breakpoint a l te rn a t in g  with a negative peak landward 
of the mean breakpoint. The sum of the f i r s t  th ree  time-varying terms 
in  the  Symonds e t a l .  fo rcing  i s  given by
3
a(x) = £ [s in (nx) /  ntr] cos(nu t )
n-1 8
t = cos ^[(x-1)/Aa] , (6.5)
where Aa i s  equivalent to  GF. This function  i s  shown in  Figure 6.1 a t
t=0 and t=T /2 using GF=0.5 as in  Figures 5.6 and 5 .7 . g
Running the model proposed here in  BF mode i s  th e re fo re  very 
s im ila r  to  the  Symonds e t  a l .  fo rc ing , except fo r  two possibly important 
fe a tu re s .  F i r s t ,  the  forcing  i s  not symmetrical about zero, with la rg e r
113
Figure 6.1 Sum of the f i r s t  th ree  time-varying forcing terms from
Symonds e t a l .  (1982) a t  t -0  and T /2 .  GF=0.5.5
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p o s i t iv e  than negative values. As can be seen in  Figure 5 .7 , when the 
breakpoint i s  a t  a minimum, the wave height gradient in  unbroken waves 
nearly  matches the grad ien t in  the s te a d y -s ta te  so lu t io n ,  re su l t in g  in  a 
lower fo rcing  term than in  the  maximum breakpoint case . Symonds e t  a l .  
did not account fo r  t h i s .
The second fea tu re  not included in  the  th e o re t ic a l  approach i s  the 
time-asymmetry of the minimum and maximum breaker po s i t io n s .  The time 
d iffe rence  between Figure 5.6 (maximum breakpoint) and Figure 5.7 
(minimum breakpoint) i s  45 seconds, which i s  14 seconds longer than 
T /2 . This ex tra  14 seconds represen ts  the short wave t ra v e l  time froms
the maximum to  minimum breakpoint p o s i t io n s .  Although t h i s  e f fe c t  was 
noted by Symonds et a l . ,  the  fo rcing  term (6 .5 )  neg lec ts  th is  time 
delay, r e s t r i c t i n g  the ana lys is  to  low GF.
I t  i s  in te re s t in g  to  note a t  t h i s  point th a t  Figures 5.6 and 5.7 
show a much la rg e r  forcing  magnitude within the  BF zone than in  the  BLW 
zone, leading  to  an expectation  th a t  breakpoint-forced waves should be 
more energetic  than the  BLW. However, ra d ia t io n  s t r e s s  g rad ien ts  in  the 
BF model are very t r a n s ie n t ,  while the unbroken wave grad ien ts  have much 
more time to  force long waves as they progress landward. The 
im plica tions  of th i s  w ill  be addressed below.
In t h i s  chapter a l l  model runs assume the small amplitude condition 
with the c a lc u la t io n  of n neglecting n~induced depth changes. This 
allows a l in e a r  separa tion  of the  fo rcing  modes as described above.
T ests  show th a t  the  add ition  of independently generated breakpoint- 
forced and bounded long waves r e s u l t s  in  exac tly  the  so lu t io n  fo r  the 
to ta l  forcing  mode.
6.3 S e n s i t iv i ty  to  Open Boundary Reflections
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To t e s t  the premise th a t  the open boundary produces neg lig ib le  
r e f le c t io n s ,  the  model was run with f ree ly  progressing long waves and no 
a l te r in g  ra d ia t io n  s t r e s s  g rad ien ts .  At a l l  t e s t  frequencies , a long 
wave with a-O.OH m was input a t h»15.0 m with tanB-0.025. This re s u l t s  
in  a sho re line  amplitude approximately the same as in model runs 
presented below.
I f  s ig n if ic a n t  open boundary re f le c t io n s  are  occurring, the 
sho re line  amplitude should be a func tion  of the standing wave s t ru c tu re  
r e la t iv e  to  the open boundary, e .g .  an antinode a t  the open boundary 
w ill  r e s u l t  in  resonance and a node w ill  r e s u l t  in damping. For the 
geometry used here , a small change in  frequency should r e s u l t  in  a la rge  
change in  standing wave s t ru c tu re  r e la t iv e  to  the  boundary. Figure 6.2 
gives the shore line  amplitudes over a wide range of frequencies , showing 
very l i t t l e  s t ru c tu re  ap ar t  from a general increase  with frequency as 
would be expected fo r  standing waves on plane beaches (see Section 
2 .1 .2 ) .  Thus th e re  is  good reason to  believe  th a t  the degree of open
boundary r e f le c t io n  i s  n eg lig ib le ,  perm itting  a higher degree of
confidence in  the  r e s u l t s  presented below.
6 .1* E ffect of Incident Wave Parameters
6.^.1 Group Frequency
The e f fe c t  of group frequency on the t o t a l ,  BLW, and BF so lu tions
i s  found by running the model over a wide range of d iffe rence
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Figure 6.2 Free long wave amplitude a t the shore line  r e f le c t io n  point 
(h=*0.49 m) fo r  a-O.O^ m long waves input a t  h=>15 m with 
ta n g -0 .025. For th i s  t e s t  long waves progress through the 
model without being a ffec ted  by ra d ia t io n  s t r e s s  g rad ien ts .  
Each point represents  a t e s t  a t a d i f fe re n t  frequency.
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frequencies  formed by the ad d ition  of two sinuso ids . Table 6.1 
summarizes the s e t  of inc ident wave p a irs  used in  t h i s  t e s t .  Note th a t  
while the group period ranges from 34.9 to  196.4 seconds, the inc ident 
wave period given by ilir/Cuj+Wj) i s  constant at 11.0 seconds. This se t  
of inc iden t wave frequencies  i s  used throughout t h i s  chap ter, except in  
Section 6 .4 .5  where the e f fe c t  of inc ident wave period i s  considered.
Figure 6.3A gives the sho re line  amplitudes produced by the t o t a l ,  
breakpoin t-forced  and bounded long wave run modes. (Model run 
parameters are d e ta i led  in  the  f ig u re  cap tion .)  Most s t r ik in g ly ,  the 
BLW i s  la rg e r  than the breakpoint-forced long wave a t  a l l  but the lowest 
frequencies . The BLW s o lu t io n  shows a s trong (and apparently  l in e a r )  
r e la t io n  with Aui, which i s  not su rp r is in g  since a sho rte r  group period 
w ill  produce la rg e r  Sxx grad ien ts  ( a l l  e lse  being equal) . The l im i t  to  
t h i s  i s  once again the short groups problem, which i s  not accounted fo r  
in  the  p resen t model.
The BF so lu t io n ,  on the other hand, shows v i r tu a l ly  no frequency 
dependence, although such a r e la t io n  was pred ic ted  by Symonds e t  a l .  
(1982, see Figure 2.3B h e re ) .  I t  seems l ik e ly  th a t  the t ra n s ie n t  nature 
of the  fo rc ing  within the BF region, as described in  Section 6 .2 .2 , 
would increas ing ly  l im i t  the long wave response with increasing group 
frequency. Supporting t h i s  i s  the  observation th a t  while the forcing 
magnitude within the  BF zone i s  much la rg e r  than in  the BLW zone (Figure 
5 .6 ) ,  the  long waves generated a re  sm aller, as seen in  Figure 6.3A.
The to t a l  shore line  so lu t io n  i s  the l in e a r  sum of the BLW and BF 
so lu t io n s .  As seen in  Figure 6.3A, t h i s  summation i s  n e i th e r  t o t a l l y  
construc tive  nor d e s tru c t iv e ,  ind ica ting  a phase r e l a t io n  near 
quadrature (90°). There a lso  seems to  be some frequency dependence,
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Table 6. 1 The s e t  of incident wave periods used to  construct the wave 
groups. The average inc ident wave period i s  always T=11.0 
seconds, while the group period varies  widely.
T t T 2 Tg oij ai2 Ato
(sec .)  (sec .)  (sec .)  ( rad /s )  ( rad /s )  (rad /s )
11.32 10.70
11 .44 10.60
11.55 10.50
11.69 10.40
11.81 10.30
11.94 10.20
12.08 10.10
12.22 10.00
12.39 9.90
12.54 9.80
12.72 9.70
12.88 9.60
13.06 9.50
196.35 0.555
142.80 0.549
116.36 0.544
95.20 0.538
80.55 0.532
69.81 0.526
61.60 0.520
55.11 0.514
49.09 0.507
44.88 0.501
40.80 0.494
37.85 0.488
34.90 0.481
0.587 0.032
0.593 0.044
0.598 0.054
0.604 0.066
0.610 0.078
0.616 0.090
0.622 0.102
0.628 0.114
0.635 0.128
0.641 0.140
0.648 0.154
0.654 0.166
0.661 0.180
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Figure 6.3 The e f fe c t  of varying group frequency. (A) at the
sh o re l in e .  (B) n^OFF a t  h=15 m. Solutions are shown fo r  
t o t a l ,  BF, and BLW forc ing .
Model Run Parameters
a 1=0.40 m, a 2=0.12 m} GF=0.3
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with a le s s  d es tru c tiv e  in te rfe ren ce  a t higher Aw. These phase 
r e la t io n s  w ill  be fu r th e r  explored in  Section 6 .6 . However, an overa ll  
conclusion can be made th a t  the add ition  of the BF so lu tio n  r e s u l t s  in  
very l i t t l e  change in  the  magnitude of the BLW so lu tion  a t  the 
sho re line .
The s t ru c tu re  of n^OFF a t  h=15 m i s  ra d ic a l ly  d i f f e r e n t ,  as shown 
in Figure 6.3B. Now the so lu tions  are  the  sum of shore line  re f le c te d  
waves and anything rad ia ted  seaward from the su rf  zone. The BF so lu tion  
appears to  match the  p red ic tions  of Symonds et a l .  (1982) very c lose ly  
(see Figure 2.3A h ere ) ,  with a highly frequency dependent outgoing wave.
Symonds e t a l .  normalize th e i r  r e s u l t s  by
X = (Au2X) /  (gtanB), (6.6)
in  which X i s  the  mean breakpoint. They p red ic t  th a t  the  minimum 
outgoing wave i s  found a t  a constant Xm i n =3 . 6 .  However, th e re  are two 
reasons why the outgoing BF wave cannot be conveniently normalized here 
to  give the Symonds e t a l .  p red ic t io n .  F i r s t ,  the model assumes long 
wave r e f le c t io n  seaward of the  t ru e  sho re line  where h=0, r e s u l t in g  in  a 
higher x for the minimum outgoing wave. Xm^ n would s t i l l  be a constan t, 
however, except fo r  an e f fe c t  th a t  was not accounted fo r  in  Symonds e t  
a l . :  the  setup so lu tio n  a l t e r s  the  water depth and th e re fo re  modifies
Xmin* *n the present model, the setup so lu tio n  i s  dependent on mean 
wave he igh t,  Y, and tan(J. Because the po s i t io n  of the standing wave 
antinode i s  highly se n s i t iv e  to  the t o t a l  water depth p r o f i l e ,  xmin i s  
s trong ly  re la te d  to  the setup so lu t io n .  Thus the norm alization of the 
nL0FF s t ru c tu re  in  Symonds et a l .  i s  an o v e rs im p lif ica tio n .
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The BLW so lu t io n  in  Figure 6.3B a lso  shows some s t ru c tu re ,  although 
i t  i s  r e la t iv e ly  weak. Tests show th a t  t h i s  represen ts  the in te ra c t io n  
of the  sh o re l in e - re f le c te d  BLW with a small outgoing wave rad ia ted  from 
near the breakpoin t, in  much the same manner th a t  the  frequency 
dependent BF so lu t io n  i s  generated. I t  appears th a t  when the Sxx
grad ien ts  associated  with unbroken wave groups reach very shallow water,
model waves begin to  ra d ia te  both shoreward and seaward. Because th i s  
seaward ra d ia t io n  point i s  fu r th e r  offshore than the corresponding 
ra d ia t io n  point in  the  BF model, the  frequency of maximum in te rfe rence  
i s  lower, as seen in  Figure 6.3B.
F in a lly ,  the t o ta l  n^OFF so lu tion  i s  the l in e a r  sum of a l l  outgoing 
waves. From Figure 6.3B i t  appears tha t  the  superposition  of the BF and 
BLW so lu t io n s  goes from d es tru c t iv e  to  constructive  and back to 
d e s tru c t iv e  as a func tion  of frequency. A d e ta i led  phase analys is  will
not be attempted fo r  the  outgoing case. However, one s ig n if ic a n t
conclusion i s  c le a r :  the t o t a l  so lu tion  does not show the s t ru c tu re  of
the BF so lu t io n ,  explaining the  lack  of f i e l d  observations to  support 
the Symonds e t  a l .  model (see Section H .6.1).
6 .4 .2  Wave Groupiness
Figure 6.H shows the e f fe c t  of wave groupiness on the t o t a l ,  BLW, 
and BF so lu tio n s .  Not su rp r is in g ly ,  increasing  the  inc ident wave 
groupiness increases  the long wave s iz e .  However, GF does not seem to 
a f f e c t  the  r e l a t i v e  con tr ib u tio n s  from the BLW and BF so lu t io n s .
An in te re s t in g  fea tu re  of Figure 6.M i s  the s trong interdependence 
of GF and Aw fo r  the BLW so lu tion ; a t higher Aui the  amplitude i s  a
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Figure 6.4 The e f fe c t  of wave groupiness on the  (A) t o t a l ,  (B) BLW, and 
(C) BF n, so lu tions  a t  the sh o re l in e .  Solutions a3 au
function  of Aw are  given fo r  GF-0.0, 0 .2 , 0 .4 , 0 .6 , 0 .8 , and 
1 . 0 .
Model Run Parameters
GF a t (m) a 2 (m)
0.0 0.20 0.00
0.2 0.20 0.04
0.4 0.20 0.08
0.6 0.20 0.12
0.8 0.20 0.16
1.0 0.20 0.20
Y=0.4 
tanfj =0.025
shore line  r e f le c t io n  point fo r  a l l  runs a t  h=0.43 m
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s tronger func tion  of GF. This e f fe c t  i s  very weak fo r  the BF so lu tion .
To e s ta b l is h  the form of the GF-amplitude re la t io n sh ip ,  values from 
Figure 6.4 a t  Aw-0.102 are  p lo t ted  in  Figure 6 .5 . The assoc ia tion  
appears to  be extremely l in e a r .  Note th a t  a t t h i s  frequency, the 
add ition  of the BF so lu tion  has l i t t l e  e f fe c t  on the  BLW so lu tion , 
Ind ica ting  a phase d ifference  near 90°.
6 .4 .3  Breaking Wave Height to  Depth Ratio
Figure 6.6A shows the sho re line  amplitude versus Aw using Y-0.8.
All other run parameters are  the same as in  Figure 6.3A, in  which Y=0.4. 
I t  i s  evident th a t  a higher Y has s ig n i f ic a n t ly  increased a l l  shore line  
amplitudes, although the  r e la t iv e  con tribu tions  of the BF and BLW 
so lu t io n s  appear to  be the same. This i s  not su rp r is in g ,  since the 
primary e f fe c t  of a higher Y i s  to  t r a n s la t e  the  breakpoint landward to  
a sm aller water depth re s u l t in g  in  a l a rg e r  fo rc ing  term (Equation 5.18) 
fo r  both run modes.
Another in te re s t in g  d iffe rence  between Figure 6.6A and Figure 6.3A 
i s  the  r e la t io n  between the  t o ta l  and component so lu t io n s .  In  Figure 
6.6A the summation becomes much more constructive  a t high Aw. An 
explanation fo r  t h i s  in  l i g h t  of the  mean breakpoint p o s it ion  w ill be 
discussed in  Section 6 .6 .
The t^ OFF so lu tion  a t  h=15 m in  Figure 6.6B can also  be compared to  
i t s  lower Y counterpart in  Figure 6.3B. Although the amplitudes are 
la rg e r  with la rg e r  Y, the  s t ru c tu re  i s  the same except th a t  only the low 
frequency portion  of Figure 6.3B appears in  Figure 6.6B. This i s  a 
d i re c t  r e s u l t  of a mean breakpoint c lo se r  to  shore with a higher Y;
124
Figure 6.5 The e f fe c t  of wave groupiness on the t o t a l ,  BF, and BLW n,L
so lu tions  a t  Auj=0.102 ra d /s  (61.6 seconds).
Model Run Parameters
GF ax (m) a 2 (m)
0.0 0.20 0.00
0.2 0.20 0.04
0.4 0.20 0.08
0.6 0.20 0.12
0.8 0.20 0.16
1.0 0.20 0.20
■0.102 ra d /s .
Y=0.4
tanfS =0.025
shore line  r e f le c t io n  point fo r  a l l  runs a t  h=0.43 m
0 . 4
’ •TOTAL0 .Q
OB0.4
GF
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Figure 6.6 The e f fe c t  of a higher Y on (A) the sho re line  amplitude of 
nL and (B) n^OFF a t  h*»15 m fo r  t o t a l ,  BF, and BLW so lu tio n s .  
Compare to  Figure 6 .3 .
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s ince  X in  AwX/gtanB i s  lower, Aco must be higher to  give the same 
s t ru c tu re .
In Figure 6.7 the sho re line  amplitudes a re  given fo r  so lu tions  
using Y-O.M, 0 .5 , 0 .6 , 0 .7 , and 0 .8 . The e f fe c t  of Y i s  very s im ila r  to  
the e f fe c t  of GF: the BLW and to t a l  so lu tions  show a Aio-dependent
re la t io n  with Y, while the  BF so lu tion  does not.
Again using Aoi=0.102, the  sho re line  amplitudes are  p lo t ted  against 
Y in  Figure 6.8 . However, because the  setup so lu tio n  varies  as a 
func tion  of Y, the water depth a t  the  r e f le c t io n  point varies  s l ig h t ly  
with each run. Thus the amplitude values are  adjusted to  the  mean water
_ i /h
depth using the simple shoaling r e la t io n ,  (h/h) (see Figure 6.8 
caption fo r  d e t a i l s ) .
Figure 6.8 shows th a t  shore line  amplitude varies  approximately 
l in e a r ly  with Y. Note th a t  the  t o t a l  so lu tion  i s  smaller than the BLW 
a t  low Y, but of equivalent amplitude a t high Y.
6 .U.4 Inciden t Wave Height
Figure 6.9 shows the e f fe c t  of mean inc iden t wave height on the 
t o t a l ,  BLW, and BF so lu tio n s .  S im ilarly  to  the GF and Y r e s u l t s ,  an 
increased H produces higher amplitudes in  a l l  so lu t io n s ,  but does not 
change the r e l a t iv e  le v e l s  of the BF and BLW. Also, the r a te  of 
amplitude increase  with H i s  dependent on Aoj fo r  the BLW, but not fo r 
the BF so lu tio n .
Amplitudes a t  Aw=0.102 are  p lo t te d  aga ins t  H in  Figure 6.10, 
showing yet another l in e a r  r e la t io n s h ip .  In te re s t in g ,  in  t h i s  case a
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Figure 6.7 The e f fe c t  of Y on the (A) t o t a l ,  (B) BLW, and (C) BF n,u
so lu tions  a t  the sh o re l in e .  Solutions as a function  of Ato 
a re  given fo r  Y-O.H, 0 .5 , 0 .6 , 0 .7 , and 0.8.
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Figure 6.8 The e f fe c t  of y on the  t o t a l ,  BF, and BLW n, so lu tions  at
L i
Aw»0.102 ra d /s  (61.6 s e c . ) .
Model Run Parameters
y h a t  x=0 (m) shoaling fa c to r  (h /h )1^
0.4 0.49 0.98
0.5 0.51 0.99
0.6 0.53 1.00
0.7 0.55 1.01
0.8 0.56 1.02
h=0.53 m
Au)=0.102 ra d /s  
tanB=0.025
a ^ O .4  in., a z=0.12 m} GF=0.3
a
m
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)
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Figure 6.9 The e f fe c t  of mean inc iden t wave height on the (A) t o t a l ,
(B) BLW, and (C) BF so lu tions  a t  the sh o re l in e .
Solutions as a function  of Au are  given fo r  H-0.2, 0 .4 , 0 .6 ,
0 .8 , and 1 . 0m.
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la rg e r  H r e s u l t s  in  a more d es tru c tiv e  in te rfe ren ce  between the BF and 
BLW.
6.J4.5 Incident Wave Period
In the present model th e re  i s  no assumed re la t io n sh ip  between the 
average inc iden t wave period and the degree of wave groupiness. As seen 
in  Section 3 .3 .3  the assumption th a t  higher frequency storni waves are 
le s s  "groupy" than organized swell was not supported by a l im ited  se t  of 
observations. Nevertheless, even with an equal GF, the group s t ru c tu re  
in  sh o r te r  waves would be more t r a n s ie n t  (except in  shallow water),
leading to  an expectation  th a t  t h i s  could l im i t  the long wave response.
However, th i s  i s  probably not a very important f a c to r ,  because 
s ig n if ic a n t  long wave growth does not occur u n t i l  shallow water where 
the wave group s t ru c tu re  becomes f ixed  ( in  the  in te ra c t in g  sinusoids 
model). Therefore, the e f fe c t  of inc ident wave period here i s  only a 
m odification in  the degree of wave shoaling, which a f fe c ts  the  shoreline  
amplitudes in  the  same manner as inc iden t wave height v a r ia t io n s .
6.5 E ffec t  of Beach Slope
Because i t  i s  d i f f i c u l t  to  vary the  beach slope while maintaining a 
constant model configura tion , only two beach slopes were considered 
here: tan(5=0.025, which i s  used in  the model runs presented above, and
tan8=0.050. Figure 6.11 compares these  two cases fo r  the  shore line  
amplitude of th e  t o t a l ,  BF, and BLW so lu tio n s .  The re s u l t s  here are
s t r ik in g ly  d i f f e r e n t  than seen fo r  GF, Y, or H: an increase  in  tanfj
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Figure 6.10 The e f fe c t  of H on the t o t a l ,  BF, and BLW so lu tions  at 
Auj=0.102 ra d / s  (61.6 s e c . ) .
Model Run Parameters
H a i a 2 h a t  x=0 (m) shoal fa c t :
0 .2 0.10 0.03 0.40 0.96
0.4 0.20 0.06 0.43 0.98
0.6 0.30 0.09 0.46 1.00
0.8 0.40 0.12 0.49 1.02
1.0 0.50 0.15 0.52 1.03
h=0.46 m
Aui=0.102 ra d /s  
Y=0.4 
GF=0.3 
tanB=0.025
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Figure 6.11 The e f fe c t  of beach slope on the (A) t o t a l ,  (B)-BLW, and (C) 
BF nT so lu tions  a t  the sh o re l in e .  Solutions as a functionLi
of Aid are given for  tang-0.025 and tang-0.050.
Model Run Parameters
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s trong ly  decreases the  t o t a l  and BLW so lu t io n s ,  but has l i t t l e  e f fe c t  on 
the breakpoint-forced s o lu t io n .  For tanf}»0.050, the BF and BLW 
amplitudes are approximately the  same.
I t  i s  not su rp r is in g  th a t  the BF so lu t io n  i s  unaffected by beach 
slope in  the p resen t model, as the re  i s  no assumed re la t io n sh ip  between 
beach slope and breaking wave he igh t.  However, na tu ra l  incident waves 
may become p a r t i a l l y  r e f le c t iv e  on steep beaches, thus l im it in g  the 
response.
I t  might a lso  be expected th a t  the BLW so lu tion  would remain the 
same since Sxx grad ien ts  in  the  model are  not a func tion  of beach slope. 
However, the inc iden t group t ra v e l  time over shallow water i s  decreased 
by a s teeper beach slope; t h i s  appears to  l im i t  the  time needed fo r  a 
f u l l  BLW response.
6.6 In te ra c t io n  of Forcing Modes
We now re tu rn  to  a question posed previously: why are  the BF and
BLW so lu tions  added near quadrature and what con tro ls  whether the 
superposition  i s  constructive  or destruc tive?  At f i r s t  glance, i t  would 
appear th a t  since BLW minima are associated  with incident wave height 
maxima, which a re  in  tu rn  assoc ia ted  with BF maxima, the bounded and 
breakpoin t-forced  long waves should be i t  out of phase, re su l t in g  in  
t o t a l l y  d e s tru c t iv e  in te rfe re n c e .  However, th i s  does not account fo r 
the BLW lag behind the group s t ru c tu re  in  shallow water, as was observed 
in  f i e l d  and model data  (Sections 4 .5 .2  and 5 .4 .4 ) .
To examine the phase r e la t io n  between the BLW and wave groups 
outside the su rf  zone, time s e r ie s  of Afc and n^ ON (from model runs in
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BLW mode) were c ro s s -c o rre la te d  to  give time la g s ,  T. . Phase lags  wereu
then found as (T /T )360. These lags  were found a t  a s e r ie s  of s ta t io n s  L g
shoreward of the BF zone, and a re  reported  as the BLW lag behind the 
th e o re t ic a l  180° r e la t io n s  with wave groups. Thus a t  the  input lo ca t io n  
the phase lag  i s  zero.
A dditiona lly , the phase lag  between n^ ON in BLW mode and n^ ON in  BF 
mode was ca lcu la ted  a t  one s t a t io n  landward of the BF zone, and 
rep resen ts  the BLW lag behind a 180° r e la t io n  with the BF-generated 
wave.
These phase r e la t io n s  were found a t  f iv e  group frequencies and with 
model parameters corresponding to  two previously presented runs. Figure 
6.12A gives the phase lags  corresponding to  Figure 6.3 (Y-0.4), while 
Figure 6.12B corresponds to  Figure 6.6 (y=0.8).
Both f ig u res  show th a t  the Afc/BLW phase lag  increases rap id ly  in  
shallow water and i s  g rea te r  a t  higher frequencies . I t  i s  a lso  c lea r  
th a t  i f  th e re  were no Afc/BLW phase lag ,  the  BF/BLW phase would be very 
c lose  to  zero, which in  the present context represen ts  a to t a l l y  
d e s tru c t iv e  in te rfe ren ce .
The increase  in  phase lag  a t  higher frequencies explains the 
observations in  Figures 6.3A and 6.6A th a t  the  superposition  of the BF 
and BLW i s  more constructive  with higher Au.
The observation th a t  the  BF/BLW ad d ition  i s  more construc tive  when 
the i n i t i a l  breakpoint i s  fu r th e r  landward (e .g .  compare Figures 6.3A 
and 6.6A) i s  a lso  explained by phase la g s .  Figure 6.12B, which 
corresponds to  the Y=0.8 case , has a maximum breakpoint c lo se r  to  shore 
than in  Figure 6.12A (Y=0.4), g iving the A^ /BLW phase lag  more time to  
develop. The re s u l t in g  BF/BLW phase lag  i s  c lo se r  to  quadrature,
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Figure 6.12 Phase lags  as a func tion  of p o s i t io n  over the p r o f i l e  shown 
in  the  bottom frame. Afc/BLW phase lags  represen t the BLW 
lag  behind the th e o re t ic a l  180° r e la t io n  with wave groups. 
These values a re  observed seaward of the  maximum breakpoint. 
BF/BLW phase lags represen t the BLW lag behind a 180° 
r e l a t io n  with the breakpoin t-forced  wave landward of the BF 
zone.
(A) Phase lags  a t  f iv e  group frequencies fo r  model runs 
corresponding to  Figure 6.3 (Y =0.^) .
(B) Phase lag s  a t  f iv e  groups frequencies  fo r  model runs 
corresponding to  Figure 6 .6 . (Y=0.8).
(C) P ro f i le  used fo r a l l  model runs with tanB=0.025.
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allowing the superposition  to  be more co ns truc tive . This e f f e c t  i s  also  
seen in  Figure 6.10, in  which a la rg e r  mean wave height r e s u l t s  in  a 
breakpoint fu r th e r  offshore and thus a more d es tru c tiv e  BF/BLW 
in te r fe ren ce .
6.7 Conclusions
Many new observations have been presented. Bounded long waves are 
found to  be much la rg e r  than breakpoint-forced long waves, except a t  low 
frequencies and with steep beach s lopes . The co n tr ibu tion  of the 
breakpoint-forced wave i s  fu r th e r  m itigated by i t s  ad d ition  to  the BLW 
near quadrature , and the p o s s ib i l i ty  th a t  inc ident wave re f le c t io n s  on 
steep beaches would reduce i t s  e f f e c t .
The BLW and BF so lu tions  appear to  be l in e a r ly  re la te d  to  GF, Y, 
and H, although the BLW dependence i s  a s trong  function  of Aw. This 
again r e l a t e s  to  the short groups question, or the problem of defining 
the  h ighest frequency group associated  with a forced response. F in a lly ,  
the previously observed BLW phase lag  i s  shown to  be of fundamental 
importance in  determining the  sum of the  superimposed BF and BLW 
so lu t io n s .
However, th e re  i s  s t i l l  no simple way to  p red ic t  the long wave 
amplitude given the  inc ident wave he igh t.  I t  may seem tempting to  throw 
a l l  the above r e s u l t s  in to  some so r t  of m u lt iv a r ia te  regress ion  model to  
give one equation re la t in g  long wave height to  beach slope, incident 
wave he igh t, groupiness, group frequency, and Y. However, t h i s  type of 
model assumes independence among regressed v a r ia b le s ,  which i s  
undoubtedly not the case here . Furthermore, i t  s ides teps  the re a l
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physics of the problem, which must account fo r  rap id ly  a l te r in g  Sxx 
g rad ien ts  in  shallow water. Thus the general equation awaits a very 
la rg e  advancement along th e o re t ic a l  l i n e s .
Nevertheless, c e r ta in  assumptions may be made in  order to  give a 
rough, rule-of-thumb approximation. I f  we assume a " ty p ica l ly "  grouped 
wave t r a i n  with GF=0.6 and Au>=0.102 (62 seconds), inc ident to  a beach 
with tanf)=0.025 and Y-O.^, then with inc iden t waves input a t  h=15 m and 
a sho re line  r e f le c t io n  point a t  h=0.H3 m, the t o ta l  long wave height may 
be given as
The BLW and BF heights are  given by
which in d ica te s  th a t  th e i r  superposition  i s  s l ig h t ly  d es tru c tiv e  in  t h i s  
case.
I n te r e s t in g ly ,  fo r  data  from s im ila r  beach slopes and highly 
grouped sw ell ,  Guza and Thornton (1985) found the v e r t ic a l  long wave 
runup to  be r e la te d  to  inc iden t Hs by
incid
incid (6.9)
( 6 . 8 )
Hs^ => 1.0 Hsincid ( 6 . 10 )
although th e re  was considerable s c a t t e r  in  the observations. Thus the 
wave he igh ts  pred ic ted  with (6 .7 ) account fo r  roughly h a lf  the  runup
heigh t found in  f i e ld  da ta ,  which a lso  includes the edge wave 
c o n tr ib u tio n .  This i s  consis ten t with the general observation th a t  
n e i th e r  edge waves nor leaky mode waves can claim to  be the dominant 
form of in frag rav ity  o s c i l l a t i o n .
Chapter 7 
RE-EXAMINATION OF EARLIER RESULTS
7.1 In troduction
Chapter 6 provided much new information on the re la t io n sh ip  between 
wave groups and long waves, as well as some to o ls  fo r  examining the 
separa te  e f fe c t s  of the two d if f e r e n t  generation  models. In th i s  
chapter some of the  r e s u l t s  from Chapters 4 and 5 w il l  be re-examined in  
l ig h t  of these advancements.
7.2 Random Waves Case
7.2.1 Spectra l S ignature
Chapter 6 p re d ic ts  th a t  the t o t a l  long wave amplitude a t  high 
frequencies should be as much as an order of magnitude g rea te r  than at 
low frequencies . This p red ic ts  a "blue" shore line  spectrum, i . e .  one 
th a t  shows higher energy a t higher frequencies . However, t h i s  i s  not 
observed in  the component sp ec tra  presented in  Chapter 4, nor in  any 
o ther f i e l d  measurements. In  f a c t ,  Holman and Bowen (1984) f ind  runup 
spec tra  th a t  have lower energy a t  the higher frequencies .
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There are probably a t  l e a s t  two reasons why the f i e l d  data  does not 
seem to  match the  model expecta tions . F i r s t  i s  the frequently  mentioned 
short groups problem; the re  must be some l im i t  to  the generation of long 
waves by very s teep  Sxx g rad ie n ts .  As of y e t ,  th e re  are  no th e o re t ic a l  
gu ide lines  in  th i s  area. Secondly, i f  the d i r e c t ly  group-forced long 
waves are  only con tr ibu ting  h a l f  of the in f rag rav i ty  energy (the r e s t  
being edge waves, e t c . ) ,  then the t o t a l  sho re line  sp ec tra  may not 
r e f le c t  a leaky mode frequency s e le c t io n ,  e sp e c ia l ly  s i n c e i t  i s  only 
p red ic ted  to  be an order of magnitude e f fe c t  to  begin with.
7 .2 .2  Phase Lags
One e f fe c t  th a t  can be te s te d  (d esp ite  the  presence of other long 
wave modes) i s  the p red ic t io n  th a t  the  shallow water BLW lag  behind the 
group s t ru c tu re  i s  la rg e r  a t  higher group frequencies . The phase lag  
observations from the c ro s s -c o r re la t io n  p lo ts  in  Figure 4.5 a re  re ­
examined a t  two separa te  frequency bands: 0.007-0.017 Hz and 0.017-0.03
Hz (33-60 sec. and 60-145 s e c . ) .  Attempts to  examine the phase lags  at 
even narrower bands were unsuccessful due to  the l im it in g  problems 
described in  Section 4 .6 .3 .
Figure 7.1 compares the shallow water t ra v e l  time with measured 
phase lags  using n^ ON data  from the two se lec ted  bands. Points are 
shown up to  the mid-breaker p o s i t io n ,  beyond which the add ition  of the 
incoming breakpoint-forced long wave would be expected to a l t e r  the 
s ig n a l .  At a l l  s ta t io n s  except 8, the  higher frequency band shows 
la rg e r  phase la g s ,  as p red ic ted  in  Chapter 6.
Figure 7.1 Afc/BLW phase lag  t e s t s .  Curve labeled  " l in e a r  c" represents
1 /2the  shallow water t ra v e l  time (gh) between s ta t io n  8 and 
s ta t io n s  c loser  to  shore. The two other curves represent 
the  time d iffe rence  between the group s t ru c tu re  a t  8 and the 
BLW c ro s s -c o rre la t io n  s igna l using n^ ON b andpass -f i l te red  
within the  ind ica ted  l im i t s .
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7 . 2 . 3  C r o s s - c o r r e l a t i o n  S i g n a l s
The forcing  mode separa tion  technique described in  Section 6 .2 .2  i s  
now applied to  the  random wave modeling of Section 5.*4 to  determine the 
o r ig in  of the c ro s s -c o rre la t io n  s ig n a l .  Of p a r t ic u la r  in t e r e s t  i s  the 
specu la tion  th a t  the c la s s ic  asymmetrical s ig n a l ,  f i r s t  observed by 
Tucker (1950, Figure 2.14 h e re ) ,  i s  due to  the add ition  of breakpoint- 
forced waves.
The model was run in  t o t a l ,  BLW, and BF modes with exactly  the same 
parameters as described in  Section 5.**.2. Separate c ro s s -co rre la t io n  
s ig n a ls  between wave groups and long wave components were found using 
data from the th ree  model so lu t io n s .
Figure 7.2A shows the c ro s s -c o r re la t io n  between Afc a t  s t a t io n  8 and 
n^ ON a t  s t a t io n  1. I t  i s  c lea r  th a t  the asymmetric form the the to ta l  
s ignal can be almost e n t i r e ly  explained by the BLW; the BF s ignal i s  
added near quadrature, having only a small e f fe c t  on the  to ta l  (as was 
the case in  Chapter 6 ) .  Note th a t  the r e la t iv e  c ro s s -c o rre la t io n  
magnitudes do not r e f l e c t  r e l a t iv e  long wave amplitudes. In te re s t in g ly ,  
the symmetrical p o s i t iv e  peak of the BF s ignal su b s ta n t ia te s  the simple 
notion th a t  t h i s  model p re d ic ts  long wave maxima in  assoc ia tion  with 
groups of la rge  inc iden t waves.
Outgoing long waves, as we have seen, a re  somewhat more 
complicated. In Figure 7.2B, the r^OFF s ignal fo r  t o t a l  forcing i s  
again f a i r l y  well p red ic ted  by the BLW s ig n a l .  However, the outgoing BF 
s ignal a lso  has an asymmetrical form, which con tribu tes  to  the po s i t iv e  
peak in  the t o ta l  so lu t io n .  Nevertheless, the overa ll  conclusion 
remains th a t  the c la s s ic  c ro s s -c o r re la t io n  s ignal can be explained
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Figure 7. 2 C ro ss-co rre la t io n  using data  from random waves model runs in 
t o t a l ,  BF, and BLW forcing  modes.
(A) C ross-co rre la tions  between Afc a t  s t a t io n  8 and n^ ON at 
s ta t io n  1.
(B) C ross-co rre la tions  between A^. a t  s ta t io n  8 and n^OFF at 
s ta t io n  8.
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without the  add ition  of breakpoint-forced long waves. A3 seen in  Figure 
5.11, the form of the s igna l r e s u l t s  from a fundamental change in 
shallow water BLW dynamics.
7 .2 .4  BF and BLW Contributions
Again using the same model parameters as in  Section 5 .4 .2 ,  a 
comparison can be made between the sho re line  amplitudes produced in  the 
BLW and BF modes.
At the sho re line  r e f l e c t io n  point with h=0.63 m,
This i s  co n s is ten t  with the Chapter 6 r e s u l t  th a t  the BLW so lu tion  is  
la rg e r  than the BF so lu tio n  in  almost a l l  cases.
To gauge the e f fe c t  of a s teeper beach slope in  the random waves 
case, the  p r o f i l e  shown in  Figure 7.1 was steepened from tanf$*0.025 to  
tanfS*0.050. Model r e s u l t s  then show th a t
(7.1)
while a t  h=5.0 m, the r^OFF component gives
(7.2)
Hs,BF 0.82 HsBLW ’ ( 7 . 3 )
at the sh o re l in e ,  and
«%F ‘  ° ' 89 H3BLH
145
( 7 . 4 )
fo r n^OFF a t  h-5 .0  m. This i s  consis ten t with the expectation th a t  a 
higher beach slope increases  the r e l a t iv e  importance of the breakpoint- 
forced long wave.
7 .2 .5  Predicted versus Measured BLW Size
Long wave heigh ts  produced by model runs in BLW forcing mode are  
compared to  the  f i e ld  estim ates  ca lcu la ted  in  Section 4 .6 .3 .  Figure 7.3 
shows th a t  although the curves have a s im ila r  appearance, the model 
somewhat overpred ic ts  the f i e l d  observations . This is  not su rp r is in g  in 
l ig h t  of the many assumptions made in  both the c ro s s -c o rre la t io n  
ana lys is  and the  model construction . The model may overestimate the  BLW 
because of the short groups problem, or because inc iden t waves are 
overpredicted near the  breakpoint. The m odification of the BLW signal 
in  shallow water would tend to  lower the observed BLW height as 
ca lcu la ted  in  Section 4 .6 .3 . Thus i t  i s  l ik e ly  th a t  the ac tua l BLW 
height was c lo se r  to  the  model p redicted  value.
7.3 Results  from Kostense (1985)
Kostense (1985) provided perhaps the only substan tive  evidence fo r 
the dominance of breakpoint-forced long waves by documenting a 
frequency-se lec t ive  outgoing wave in  flume generated da ta .  However, the 
r e s u l t s  from Chapter 6 suggest th a t  th i s  experiment may have been 
conducted under unusual conditions th a t  are not generally  found in  the
Figure 7.
1H6
3 Observed versus model p redicted  BLW height as a function  of 
cross-shore  lo ca t io n .  Observed values ca lcu la ted  as in  
Section H.6.3. Model values found from n, ON using BLW
u
forcing mode, with run parameters as in  Section 5 . ^ .2 .
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f i e ld .
F i r s t ,  the beach slope used was a r e la t iv e ly  steep tan(J»0.050, 
which has been shown to  increase  the  r e l a t i v e  importance of breakpoint- 
forced waves. However, t h i s  assumes nearly complete breaking of 
inc iden t waves, a condition apparently  s a t i s f i e d  in  the Kostense study. 
Huntley and Kim (1985), on the other hand, made observations on a very 
steep beach (tanf5»0.10) and find  a c lea r  BLW s ig n a l ,  precluding the 
presence of a s trong BF wave. This su b s ta n t ia te s  the notion th a t  with 
s teep  n a tu ra l  beaches, inc iden t wave r e f le c t io n s  may negate the 
p o te n t ia l  b reakpoint-forced wave dominance.
Another possib le  problem with the  Kostense study is  the  input BLW 
condition , which was already »6% of the incident wave height (versus *1? 
in  Chapter 6 model runs) .  This la rge  BLW was assumed to  be exactly  t t  
out of phase with wave groups a t the wavemaker p o s i t io n ,  thus 
p o te n t ia l ly  v io la t in g  modified BLW dynamics from the s t a r t .  Without the 
la rg e  BLW lag  behind wave groups, the BF and BLW add ition  would be much 
more d e s tru c t iv e ,  lowering the s iz e  of the outgoing waves. This i s  
supported by the  Kostense observation th a t  the outgoing waves are 
generally  sm aller than the incoming BLW, which i s  a strange r e s u l t  
considering th a t  the bulk of the  long waves should be generated near the 
su rf  zone ( in  e i th e r  the BLW or BF models).
Chapter 8 
SUMMARY
8 .1  C o n c lu s io n s
The shoaling c h a r a c te r i s t i c s  of the bounded long wave have been 
documented through both f i e ld  observations and a unique numerical model. 
I t  i s  shown th a t  the BLW am plifies  in  shallow water a t  a much smaller 
r a t e  than predicted  by cu rren t theory , but a t a much la rg e r  r a t e  than 
the shoaling of a f r e e  long wave.
Upon the breaking and decay of inc iden t wave groups, some have 
suggested th a t  the BLW must a lso  diminish. However, no support fo r  th is  
specu la tion  was found here . In f a c t ,  we have seen a c lea r  p ic tu re  of a 
gradually  emergent f r e e  long wave in  the  su rf  zone; th i s  wave r e f le c t s  
from the sho re line  and i s  rad ia ted  seaward. Simply put, th e re  i s  no 
known mechanism of BLW reduction  once i t  reaches shallow water and 
s a t i s f i e s  the f r e e  long wave d ispersion  r e la t io n .
Waves generated a t a time-varying breakpoint a re  of secondary 
importance fo r  severa l reasons. F i r s t ,  they have lower amplitudes, 
genera lly , than the BLW; fo r  the  random waves case breakpoint-forced 
long waves were only *50? of the BLW amplitude. Although t h i s  i s  only a 
modeling r e s u l t ,  c ro s s -c o r re la t io n  s ig n a ls  in  f i e ld  data  support th i s  
conclusion.
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The second reason fo r  the BF subordination i s  i t s  ad d ition  to  the 
BLW near quadrature, r e s u l t in g  in  only a s l ig h t  con tribu tion  (p o s i t iv e  
or negative) to  the  t o t a l .  I t  was documented th a t  th i s  phase re la t io n  
r e s u l t s  from the shallow water lag  of the BLW behind the group 
s t ru c tu re .
O verall, model p red ic tions  in d ica te  th a t  the d i re c t ly  group-forced 
component accounts fo r approximately h a l f  the t o t a l  long wave height 
observed under f i e l d  cond itions . However, t h i s  i s  a very uncerta in  
p red ic t io n  fo r  severa l reasons. F i r s t ,  the r e la t io n  between to ta l  
in f rag rav i ty  energy and inc iden t wave height i s  very poorly known. 
Second, model p red ic tions  here are  l im ited  by the short groups problem, 
and by the l in e a r  theory assumptions used to  c a lc u la te  ra d ia t io n  s t r e s s  
g rad ien ts .  However, general observations such as those of Huntley e t  
a l .  (1981), a re  co n s is ten t with a conclusion th a t  n e ithe r  edge waves nor
leaky modes appear to  dominate the  open coast long wave f i e ld .  The 
present work supports the notion th a t  leaky mode long waves account for 
a s ig n i f ic a n t  pa rt  of the  t o ta l  in f rag rav i ty  energy.
8.2 Discussion
Though providing many new in s ig h ts ,  the modeling re s u l t s  presented 
here are  probably most usefu l as a b as is  and guide to  fu tu re  th e o re t ic a l  
work. I t  has been shown th a t  th e re  must be an upper l im i t  to  the 
inc iden t group frequency th a t  can force long waves in  shallow water. As
the p resen t model does account fo r  the sea -su rface  response time, th i s  
l im i t  i s  l ik e ly  re la te d  to  some type of n a tu ra l  smoothing of very steep 
wave height g rad ien ts  in  the  nearshore.
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The dynamics of the  shallow water bound wave have been shown to 
d i f f e r  r a d ic a l ly  from th e o re t ic a l  p red ic t io n s .  The BLW develops both a 
s trong  asymmetry and a phase lag  behind wave groups once the  f re e  long 
wave d ispers ion  re la t io n  i s  approximately s a t i s f i e d .  This phase 
s h i f t  away from the resonant 180° r e la t io n  may well be the l im it ing  
fa c to r  explaining th e o re t ic a l  overpred ic tions  of BLW s ize .  As new 
a n a ly t ic a l  work must account fo r  a l l  of these e f fe c t s ,  a general bounded 
long wave theory i s  l ik e ly  to  be very d i f f i c u l t  to  construct.
The presen t model could be applied to  edge wave growth by extending 
i t  in the longshore dimension, and allowing for ob lique ly -inc iden t wave 
groups. A dditionally , the group s t ru c tu re  in  the c r e s t - p a r a l le l  
d i re c t io n  would have to  be known. However, the extension of the model 
to  a longshore length  sca le  meaningful fo r  edge waves would severely  tax 
most av a ilab le  computers.
F in a l ly ,  there  are  many sedimentological im plications of the 
p resent model th a t  have not been explored here. Recently, Beach (1988) 
demonstrated th a t  in  some circumstances suspended sediment 
concentra tions are s trong ly  associated  with in frag rav ity  motions. Shi 
and Larsen (1983) po in t out a possib le  r e la t io n  between the suspension 
of sediment by la rg e  groups and the skewed advection of th a t  sediment by 
the bound wave in  sh e l f  water depths. Thus there  may be a s trong surf 
zone coupling between the suspension of sediment by remnant wave groups 
and the phase-locked advection by a modified but energetic  group-forced 
long wave as found in  t h i s  study. I t  i s  in te re s t in g  th a t  numerous 
s tu d ie s ,  including Clarke e t  a l .  (1982) and J a f fe  e t  a l .  (1985) have 
shown th a t  sediment resuspension events seem to  occur on a wave group 
time s c a le ,  and not as a response to  indiv idual waves.
Appendix A 
RADIATION STRESS
A.1 In troduction
This d iscussion  follows Longuet-Higgins and Stewart (196^4), and i s  
motivated by the  misconceptions underlying the  o ften  repeated statement: 
”Sxx i s  the f lux  of momentum in  the  d ire c t io n  of wave propagation."
This im plies f i r s t  th a t  the re  i s  some s o r t  of physical tran sp o r t  of wave 
momentum, and second th a t  t h i s  momentum f lux  has a p o s i t iv e  sign in  the 
d i re c t io n  of wave t r a v e l .  As we w ill  see below, these  are  both 
e s s e n t ia l ly  in co rrec t  concepts.
A.2 S t i l l - w a te r  Case
Radiation s t r e s s  was defined by Longuet-Higgins and Stewart as "the 
excess flow of momentum due to  the  presence of the  waves." This 
statement implies th a t  th e re  i s  a "momentum flux" without the presence
of waves, in  o ther words in  a s t i l l  body of water. What exactly  does 
t h i s  mean?
In th i s  case the  momentum flux  i s  e n t i r e ly  represented by the
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pressure , P, within the  water. We know th a t
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F -  d(mv)/dt = "momentum flux" , (A.1)
and th e re fo re  i f  we have a fo rce ,  e .g .  pressure  times an area , we can 
say th e re  i s  a c e r ta in  momentum flux  without the re  ac tu a lly  being any 
water movement. The name "momentum f lu x ,"  th e re fo re ,  seems to  be a 
somewhat misleading, although a b e t te r  d esc r ip t iv e  term is . la c k in g .  
Therefore, fo r  the  s t i l l  water case,
momentum f lux  = P(A). (A.2)
In  terms of the  fo rce/w idth  on a v e r t i c a l  w all,  the  momentum flux  is
momentum flux  r0 n, . .  , ,  . . .  .2_________________________  = Sh P(z)dz = (1 /2 )pgh (A.4)
horizon ta l  width over water column
in  which h i s  t o t a l  water depth. I t  i s  obvious th a t  t h i s  kind of 
momentum flux  can be o rien ted  in  any d i re c t io n ,  including v e r t i c a l ly .
However, the  h y d ro s ta t ic  component of the momentum flux  can usually  
be neglected; with no lo n g itud ina l p v a r ia t io n s ,  th e re  are  no momentum 
flux  grad ien ts  and th e re fo re  no net fo rces  on the  water. I f  there  are
ho rizon ta l  density  g rad ien ts ,  then the  momentum f lu x  gradient
d[(m v/t)/w id th]/dx  = d(F/width)/dx , (A.5)
must be balanced by a su rface  slope or a flow.
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I f  we consider a simple s i tu a t io n  with a high p a t  point A and a 
low p a t  point B, such th a t  the iso b a r ic  surfaces  are  o rien ted  as
then we can f ind  the net force on the water segment Ax using the 
momentum flux  concept as an a l te rn a t iv e  to  f ind ing  the pressure 
g rad ien t.  Along a g ra v i ta t io n a l  lev e l  surface the momentum flux  a t  A is  
high while th a t  a t  B i s  low. Or, in  terms of signed forces (in  the 
negative x d i re c t io n  to  i l l u s t r a t e  th a t  the conceived momentum flux  
d ire c t io n  i s  unimportant),
® ® 
< <=
la rg e  -F /width small -F ./w id tha b
Subtracting  the  fo rce  out of the  water segment from the force against 
the segment,
(-F ) -  (-F ) = net (+) fo rce  to  the r ig h t  since IF. I>IF. I . (A.6)D 3 a D
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Thus in  terms of the  momentum f lux  g rad ien t,  we f in d  net fo rces  acting  
on the  water.
The concept th a t  a force  may be represented by f lux  of momentum i s  
equally  v a lid  in  the case of wave motion, although i t  i s  not as e a s i ly  
v isu a l ized .
A.3 Momentum Flux Due to  Waves
In the presence of waves we must now consider:
?1. There are now dynamic (pU ) as well as s t a t i c  (pgh) p ressu res . The 
dynamic pressure  can be conceived of as an ac tua l f lux  of momentum
(per area) as:
pU2 - (pU)U = (mU/vol)(L/T) = (mU/t)/area . (A.7)
However, t h i s  i s  j u s t  a dimensional t r i c k ;  th i s  term rep resen ts  a 
p ressure  j u s t  l ik e  in  the s t i l l  water case , except th a t  i t  i s  due to  
the dynamic motions of th e  waves (analogously to  the  way gaseous 
pressure  i s  due to  molecular motion).
2. Both pressure components must be in teg ra ted  over depth ( to  give 
momentum fluxes/w idth) from the bottom to  a v a r iab le  su rface ,  n.
3. Both components must be averaged over the  wave period since both 
q u a n t i t ie s  f lu c tu a te  over the wave cycle .
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11. The s t i l l  water momentum flux is  sub trac ted  to  give the pa rt  so lely  
due to  the waves.
The general expression fo r  instantaneous momentum f lux  per surface 
width in  the ho rizon ta l d i re c t io n  is :
The x -d irec ted  momentum flux/w idth  averaged over the wave period 
(symbolized by angled brackets) and without the  s t i l l  water flux i s  the 
ra d ia t io n  s t r e s s  term,
Note th a t  Sxx i s  orien ted  in  the x -d irec t io n  without any im plication of 
s ign . I t  tu rns  out th a t  fo r  progressive waves Sxx i s  always p o s i t iv e ,  
in d ica t in g  a g rea te r  "momentum flux" than in  the  s t i l l  water case, while 
in  s tanding waves there  are  regions of p o s i t iv e  and negative Sxx.
Longuet-Higgins and Stewart (19611) divide Sxx in to  th ree  components 
which are evaluated separa te ly  and then added:
Sxx1 = < / ^ p u 2dz > (A. 10)
Sxx2 = < (P-P0) > (where P0 i s  the s t i l l  water P) (A.11)
Sxx3 = < / J  Pdz > . (A.12)
(P + pU2)dz .z=-h (A.8)
Sxx = < / n. (P + pu2)dz > -  f°. P(z)dz . -h -h (A.9)
Linear wave theory so lu tions  fo r  these  terms a re  developed below.
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S x x 1:
This i s  the dynamic pressure term. The in te g ra l  l im i t  n i s  reduced 
to  0 without lo s ing  much accuracy since the part 0 < z < n con tribu tes  
only a th ird -o rd e r  term. Since both l im i t s  of in te g ra t io n  a re  now 
constants the average may be taken ins ide  the in te g ra l .  Thus Sxx1 
becomes:
Sxx1 = p<u2>dz . (A.13)
Sxx2:
This term represen ts  the d ifference  between the t o t a l  (including 
waves) and h yd ros ta tic  pressure up to  the  mean water le v e l .  Again, the 
time average can be taken ins ide  the in te g ra l  giving
Sxx2 = /° . (<P>-P0)dz . (A.1H)-h
O rdinarily  the term (<P>-P0) would equal zero since fo r  l in e a r  wave 
theory
<P> <* (1/T) / g P g a [c o s h ( k ( z + h ) ) / c o s h ( k h ) ] cos(uit) dt = 0 . (A.15)
However, t h i s  formulation fo r  the wave-induced P f lu c tu a t io n  neglects
?the dynamic pressure  in  the  z -d i re c t io n ,  pw . I f  we include t h i s  term, 
a t  any water depth we may assume
2< P + pw > = -pgz = P0 . (A.16)
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In  o ther words, the  time-averaged to ta l  p ressure , including the dynamic 
term, must equal the pressure in  a s t i l l  column of water with the same
mean depth. Thus
<P> -  P0 -  < -pw2 > , (A.17)
in  which <P> i s  l e s s  than the h y d ro s ta t ic  pressure  P0. Sxx2 can then be 
w rit ten ,
Sxx2 -  /^ h~p<w2>dz , (A.18)
which i s  always a negative con tr ibu tion  to  the t o t a l  ra d ia t io n  s t r e s s .
Combining Sxx1 and Sxx2;
The sum of Sxx1 and Sxx2 i s
Sxx1 + Sxx2 = p < u2 - w2 > dz . (A.19)
S u b s ti tu t in g  the Airy wave equations fo r  u and w, and carrying out the
in te g ra t io n  we f in d ,
Sxx1 + Sxx2 = pga2 [ kh/sinh(2kh) ] . (A.20)
This rep resen ts  the x -d irec ted  ra d ia t io n  s t r e s s  including the
2momentum f lu x  from the dynamic pressure  component, pu , minus the
2pressu re  defect component, pw . In deep water where wave o r b i t a l s  are
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2 2 2 ? nearly c i r c u la r ,  u -w -0; thus Sxx^Sxx2*^. In shallow water, u >>w
and th e re fo re
Sxx1 + Sxx2 -  p <u2> dz - (1/2)pga2 . (A.21)
Sxx3:
This i s  the pressure  term from the mean water leve l to  the f ree  
su rface , n. Since the pressure  th i s  c lose  to  the surface can be well 
p red ic ted  using the h y d ro s ta t ic  approximation,
-h-z) 
+2
p - pg(n-z), — r_ . \ ------- —  Z - 0  ( a . 22)
Sxx3 can be found as ,
Sxx3 = < PS(n-z)dz = d /2 )p g < n 2> . (A.23 )
Also, since
<n2> -  (1 /2 )a2 , (A.2H)
Sxx3 can be given by,
S x x 3 ** ( 1 / 4 ) p g a 2 . ( A.25)
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Combining Sxx1, Sxx2, and Sxx3;
The sum of a l l  th ree  Sxx terms i s
Sxx = (1/2)pga2 [(2kh/sinh(2kh)) + 1/2] (A.26)
In deep water (kh>ir) t h i s  reduces to
Sxx = (1/4)pga2 , (A.27)
and In shallow water (kh<ir/10) to
Sxx -  (3 /4 )pga2 . (A.28)
Note th a t  fo r  progressive waves Sxx i s  always p o s i t iv e ,  ind ica ting  
a la rg e r  "momentum flux" than in  a s t i l l  body of water. Although Sxx is  
o rien ted  perpendicular to  wave c r e s t s ,  i t  i s  meaningless to assign i t  a 
p a r t ic u la r  d i re c t io n ,  such as the course of wave t r a v e l .
Radiation s t r e s s  a lso  has a component p a ra l le l  to  wave c re s ts ,  
given by
Syy = < /Uh ( p + pv2)dz - / ° h P0dz , (A.29)
which using s im ila r  techniques i s  found as
Syy = ( 1 / 2 ) p g a 2 [ k h / s i n h ( 2 k h ) ] ( A . 30)
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Since v-0 perpendicular to  the  wave t ra v e l  d ire c t io n ,  th i s  underscores 
the fa c t  th a t  the  wave-induced "momentum flux" i s  non-zero even when 
th e re  i s  no water movement in  the  d ire c t io n  considered.
A.H Discussion
We have seen th a t  ra d ia t io n  s t r e s s  i s  a quan tity  with the u n its  of 
a momentum f lu x ,  but conceptually c lo se r  to  the sum of dynamic and 
s t a t i c  p ressures  induced by waves. To understand i t s  e f fe c t  on the  sea- 
surface  or c u rren t ,  i t  i s  co rrec t  to  consider i t  as a force  acting  on 
the  water column, as in  the s t i l l  water case of Section  A.2. I t  d i f f e r s  
from the h y d ro s ta tic  case, however, in  th a t  i t  has a d i r e c t io n a l i ty ,  
although i t s  sign only in d ica te s  i t s  magnitude r e l a t i v e  to  the  s t i l l  
water case.
One simple example of the e f fe c t  of ra d ia t io n  s t r e s s  i s  the setup 
on a beach. In th i s  case, inc ident wave breaking produces a decreasing 
Sxx towards shore , which i3  balanced by a seaward sloping sea -su rface , 
as shown in  Figure 5 .5.
Appendix B
RE-EVALUATION OF SYMONDS AND BOWEN (1984)
B.1 In troduction
In Section 2 .1 .2  we examined the time-varying breakpoint model of 
Symonds e t  a l .  (1982), which assumes a l in e a r  p ro f i le .  A frequency- 
dependent sho re line  amplitude was explained in  terms of the so lu tion  
matching procedure a t  the boundaries of the  b reakpoin t-forcing  region.
This appendix re -eva lua te s  the bar-trough extension of th i s  model, 
in  which Symonds and Bowen (1984) p red ic t  a s e r ie s  of dominant 
frequencies a t  the sh o re l in e ,  as shown in  Figure B.1. The present study 
was motivated by the  observation th a t  while the l in e a r  and bar-trough 
models are  almost id e n t ic a l ly  constructed , resonant sho re line  
frequencies appear exclusive ly  in  the l a t e r  case. In te re s t in g ly ,  the 
only d iffe rence  between the  models i s  the method of find ing  the standing 
wave so lu tion ; a numerical scheme i s  used in  the bar-trough case while 
the plane beach model uses the an a ly t ic a l  so lu t io n .  Both a re  
constructed with id e n t ic a l  forcing  functions  (Equation 6.5) over l in e a r  
p ro f i l e  segments seaward of the standing wave zone.
Therefore, i t  was suspected th a t  the  source of these  shoreline  
peaks was somehow re la te d  to  the leaky mode so lu tio n  over a bar-trough 
p r o f i l e .  The following in v e s t ig a te s  t h i s  p o s s ib i l i ty .
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Figure B.1 P redic tion  of dominant frequencies a t  the sh o re l in e ,  re ­
produced from Symonds and Bowen (198*0. The v e r t ic a l  sca le  
is  a rb i t r a ry .  L e tte rs  along the abscissa  r e fe r  to  
frequencies examined in  d e ta i l  in  Figure B.2.
o t  ■
AMPLITUDE 
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B.2 Leaky Mode Solu tions over a Bar-trough Nearshore
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Shi (pers . comm., see Wright e t  a l . f 1986) developed a numerical 
so lu t io n  of the  l in e a r iz e d  equation of wave motion expressed in  terms of 
the ve lo c i ty  p o te n t ia l ,  (j>,
32<|>/9t2 - g[ 3 (h3<(./3x)/3x -  3(h3if>/3y)/3y ] -  0 . (B.1)
Assuming a<j>/3y = 0, leaky mode so lu tions  are  found over any a rb i t r a ry  
p r o f i l e .  Equation (B.1) was solved using the  IMSL subroutine DVERK 
(Hull e t a l . ,  1976) s im ila r ly  to  the  edge wave so lu t io n  of Holman and 
Bowen (1979), except fo r  a leaky mode extension . Comparisons with the 
a n a ly t ic a l  plane beach so lu tio n  were used to  v e r i fy  the  model's 
accuracy.
Figure B.2 gives leaky mode so lu tio n s  a t  four key frequencies over 
the  idea lized  bar-trough p r o f i l e  of Symonds and Bowen (1984). All 
assume a=1 ( a rb i t r a r y  u n i ts )  a t  the sh o re l in e .  Solutions labeled  (A) 
and (C) rep resen t frequencies  fo r  which Figure B.1 p red ic ts  shore line  
minima, while (B) and (D) correspond to  sho re line  maxima. Figure B.2 
shows something unexpected: a t  frequencies corresponding to predicted
sho re line  peaks (B and D), the amplitude seaward of the bar c re s t  seems 
to  be suppressed r e l a t i v e  to  amplitudes a t the  o ther frequencies (A and 
C). I t  appears th a t  t h i s  offshore  suppression occurs a t  frequencies 
corresponding to  an an ti-node j u s t  landward of the bar c r e s t ,  supporting 
a specu la tion  th a t  t h i s  rep resen ts  the resonant condition .
However, i t  i s  d i f f i c u l t  to  v isu a l iz e  exac tly  how the offshore 
amplitude varies  as a func tion  of frequency because of the varying
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Figure B.2 Numerical leaky mode so lu tions  a t four frequencies over the 
Symonds and Bowen (1984) idea l ized  bar-trough p r o f i le .
Scale fo r  sea-su rface  e leva tion  ( a l l  a t  t-0 )  i s  a rb i t r a ry .  
Scale fo r  p ro f i l e  i s  shown in  Figure B.3A.
200
X(M)
( A )  T  =  125 SEC 
( 0 .0 0 8  H z)
X(M)
( B )  T - 6 7  SEC
(0 .0 1 5  H z)
X(M)
(c) T-50 SEC 
(0 .0 2 0  H z)
4 0 0
( d )  7 = 4 0  SEC
(0 .0 2 5  H z)
X(M)
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nodal/an ti-nodal s t ru c tu re ,  which t o t a l l y  dominates the  spectrum of 
n away from the sh o re l in e .  To avoid t h i s  problem, Wright e t  a l .  (1986) 
proposed combining the sp ec tra l  estim ates of n and u in to  the " to ta l  
energy spectrum" as
ST(f )  -  gS ( f )  + h[Su (f )  + Sy( f ) ]  , (B.2)
where Sy (f )  = 0 fo r  the leaky mode case. L is t  and Shi (1986) 
demonstrate th a t  while some re s idua l s t ru c tu re  remains fo r  edge waves, 
Equation (B.2) r e s u l t s  in  a fe a tu re le s s  spectrum fo r  leaky modes over a 
l in e a r  p r o f i l e .
Figure B.3 shows the Symonds and Bowen idea l ized  p r o f i l e  and 
simulated t o t a l  energy sp ec tra  a t 5 marked lo ca t io n s .  Again, a white 
sho re line  n spectrum i s  assumed. S tr ik in g ly ,  while ST(f )  i s  fe a tu re le s s  
shoreward of the bar, a l l  lo ca t ions  from the bar c re s t  seaward show the 
same p a t te rn  of a l te rn a t in g  peaks and va lley s .  This s t ru c tu re  (with 
maxima and minima labe led  as in  Figure B.2) demonstrates tha t c e r ta in  
frequencies  have a more rap id  decay r a te  beyond the bar c re s t .
B.3 Normalization to  the  Shoreline
Now the reverse  question i s  asked, namely: i f  the t o t a l  energy 
spectrum is  white beyond the bar c r e s t ,  what i s  the  form of the  run-up 
spectrum? This i s  e s s e n t ia l ly  the  question addressed by the time- 
varying breakpoint model, in  which a l l  frequencies have an equal 
p o te n t ia l  fo r fo rcing  offshore .
To answer t h i s  here , the t o ta l  energy spectrum a t  any lo ca t io n
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Figure B.3 (A) Idea lized  bar-trough p ro f i l e  used here and by Symonds
and Bowen (1981!). (B) Total energy sp ec tra  a t the  f ive
cross-shore  lo ca tions  marked on the p r o f i l e .  L e tte rs  along 
the absc issa  rep resen t frequencies fo r  which individual 
n so lu t io n s  are  shown in  Figure B.2.
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seaward of the  bar c r e s t  i s  normalized to  a white t o t a l  energy spectrum 
of a rb i t r a ry  magnitude. Using the x=200 m to ta l  energy spectrum, a 
fa c to r  i s  found a t  each frequency as,
R(f) = STconst. /  ST( f ) x=200 (B.3)
Then the white ST(f )  a t  x=0 i s  converted by,
ST( f ) x-0 '  R(f) • (B.H)
Since hSu (f)=0 a t  x=0,
ST( f ) x-0 “ gSn( f )  = ga2(f) ' (B.5)
Therefore, sh o re l in e  amplitudes in  a rb i t r a ry  u n i ts  are  given by
In essence, t h i s  procedure accomplishes the following: i f  a t  a
c e r ta in  frequency the  t o t a l  energy spectrum i s  low r e la t iv e  to  some 
constant l e v e l ,  the norm alization to  th a t  constant lev e l represents  an 
energy le v e l  increase . Taken to  the  sh o re l in e ,  th i s  r e s u l t s  in  the 
t r a n s la t io n  of ST(f )  minima offshore  to  a ( f )  maxima a t  the sh o re l in e .
Figure B.H shows the re s u l t in g  sho re line  amplitudes found by 
normalizing ST(f )  a t x=200 m. In every respec t the  Symonds and Bowen 
p red ic tio n s  (Figure B.1) have been reproduced without any recourse to  a 
b reakpoin t-fo rcing  model.
(B.6)
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Figure B.^ Shoreline amplitude spectrum found by the normalization “of 
ST(f )  a t  x-200 m. Amplitude sca le  i s  in a rb i t r a ry  u n i t s .
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B.JJ Discussion
I t  i s  not implied here th a t  any techn ica l e rro rs  e x is t  in  the 
formulation of Symonds and Bowen (198H). However, we have seen tha t  
dominant frequencies may be generated a t  the  shore line  simply by 
normalizing leaky mode so lu tions  over a bar-trough p r o f i l e  to  a constant 
energy leve l o ffshore . This r e s u l t  implies th a t  i f  the spectrum of 
incoming long waves i s  fe a tu re le s s  (as i s  the group s t ru c tu re  of the 
inc iden t waves), resonant frequencies may e x i s t  landward of the  bar 
c re s t  but be lacking o ffshore . I t  remains to  be determined what e f fec t  
th i s  would have on models of bar formation under standing waves (e .g .  
Short, 1975, Bowen, 1980, and o th e rs ) .
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